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Presented in this dissertation is the study of a novel fuel delivery system combined with 
miniaturized direct methanol fuel cell (DMFC). The core component of this system is a valveless 
micropump driven by ring-type piezoelectric bending actuator. By applying an alternating 
electrical field across the actuator, the resultant reciprocating movement of the pump diaphragm 
can be converted into pumping effect. Nozzle/diffuser elements are used to direct the flow. To 
make the power system applicable for portable electronic devices, the micropump needs to meet 
some specific requirements: low power consumption but sufficient fuel flow rate. In this study, 
both theoretical and experimental methods have been used to investigate the effects of materials 
properties, actuator dimensions, driving voltage, driving frequency, nozzle/diffuser dimension, 
and other factors on the performance of the whole system. As a result, a viable design of 
micropump system for fuel delivery in DMFC devices has been achieved and some further 
improvements are suggested. 
In the beginning of this dissertation, the history, working principle, types, and current research 
status of both fuel cell and micropump are reviewed. Following this comprehensive introduction, 
the research objective to develop a novel portable power system that combines fuel cell 
technology and micropump technology is presented. To help design such a system, a series of 
analytical models are established to estimate the deflection, volume change, flow rate, and power 
 iv
consumption of the micropump. Both finite element method (FEM) and experimental method are 
applied to verify the models. Based on the analytical analysis, material properties and 
dimensions of the micropump actuator are optimized to obtain maximum flow rate and minimum 
power consumption. Later a separated micropump prototype has been fabricated and tested. It is 
observed that the performance of a DMFC device is improved by using this micropump to 
supply fuel. In addition, the electrochemical impedance analysis of this fuel cell device is 
conducted to try to understand the reasons for the performance improvement. Finally, the 
accomplishments of this study are summarized and future perspective is provided. 
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1.0 INTRODUCTION 
 
 
 
 
Energy was, is and will always be playing a vital role in human history. The never-ending pursuit 
of efficient and sustainable energy system consists one of the most important parts of modern 
science. The objective of this research is to explore the possibility of applying miniaturized fuel 
cell power system to portable electronic devices and most of the discussions are focused on the 
fuel delivery problem. 
 
 
 
 
1.1 FUEL CELL 
 
 
1.1.1 Fuel cell history 
 
 
Unlike other new technologies, fuel cell actually has a relatively long history. William Robert 
Grove, an English lawyer turned scientist, developed the first fuel cell in 1839. As show in Fig. 1 
from his 1843 letter “On the Gas Voltaic Battery”, he put oxygen and hydrogen into a series of 
separated tubes then filled between them with dilute sulphuric acid (left side of Fig. 1). The 
platinum electrodes were immersed into each tube then connected to an interposed voltmeter 
(right side of Fig. 1). He observed that a constant current would flow between the electrodes and 
the water level rose at the same time. 
1 
  
Figure 1 William Grove's drawing of an experimental "gas battery" from an 1843 letter  
What happened here was actually a reverse reaction of the electrolysis of water. This reaction 
represented by Eq. (1.1) is the same as that of burning hydrogen directly. The difference is that 
electricity energy is generated in fuel cell while only heat is generated in direct burning. This 
device also showed clearly that both oxygen and hydrogen were required to produce current. 
OHOH 222 2
1 →+                                                     (1.1) 
After Grove’s invention, many researchers have been seeking various ways to improve the 
performance of fuel cell. In 1889, chemist Ludwig Mond and his assistant Carl Langer made a 
hydrogen/oxygen fuel cell that attained 6 amps current per square foot at 0.73 volts. The 
electrode they used was thin, perforated platinum and the electrolyte was in a quasi-solid form. 
In 1896, an electric engineer and chemist, William W. Jacques tried to make electricity directly 
from coal based on fuel cell principle. He used alkali as electrolyte and carbon as electrode, but 
failed to get an electrochemical reaction from his “carbon battery”. Emil Baur from Switzerland 
conducted research on different fuel cells, including high temperature device (using molten silver 
as electrolyte) and a unit that used clay and metal oxides as a sold electrolyte. Friedrich Wilhelm 
Ostwald revealed the underlying chemistry theory of fuel cell operation in 1893. 
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 Although a lot of theoretical and experimental studies have been focused on fuel cell since 1839, 
the first successful fuel cell device has not been developed until 1930s. Francis Thomas Bacon, 
an English engineer, designed a hydrogen-oxygen cell using less corrosive alkaline electrolytes 
and inexpensive nickel electrodes in 1932. Later he and his coworkers demonstrated a practical 
five-kilowatt fuel cell system in 1959. Based on the Bacon’s patents, NASA has built compact 
alkaline fuel cells to provide electricity and clean water on spacecrafts since early 1960s. These 
fuel cells operated successfully in the manned moon flights and subsequent space missions. 
As a clean and efficient power generation device, fuel cell has shown a great potential in a lot of 
fields such as stationary power, residential power, transportation, portable power and 
landfill/wastewater treatment. So far, many have already been in use and many are still in 
development. 
 
 
1.1.2 Fuel cell principle 
 
 
 
Figure 2 Schematic of an individual fuel cell 
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 As shown in Fig. 2, a basic fuel cell consists of three components: anode, electrolyte and 
cathode. When fuel cell is working, fuel is continuously fed into anode while oxidant gas is 
continuously fed into cathode. Electrochemical reactions occur at the interface between 
electrodes and electrolyte. The ions flowing inside electrolyte and the electrons passing through 
the outer load form a close circuit. Other reaction products include heat, water and carbon 
dioxide (if use hydrocarbon as fuel directly). 
 
 
1.1.3 Fuel cell types 
 
 
Based on the type of electrolyte used, fuel cells can be classified as polymer electrolyte fuel cell 
(PEFC), alkaline fuel cell (AFC), phosphoric acid fuel cell (PAFC), molten carbonate fuel cell 
(MCFC), solid oxide fuel cell (SOFC), and protonic ceramic fuel cell (PCFC). There are also 
some other types of fuel cells, such as direct methanol fuel cell (DMFC), zinc air fuel cell 
(ZAFC), bio-fuel cell (BFC), and regenerative fuel cell (RFC). 
Polymer electrolyte fuel cell (PEFC) 
This fuel cell utilizes an ion exchange membrane (fluorinated sulfonic acid polymer or other 
similar polymer) as electrolyte. Hydrogen ions can pass through this membrane while gas 
molecules and electrons cannot. The electrochemical reactions of this fuel cell are: 
Anode:                                                  (1.2) −+ +→ eHH 222
Cathode: OHeHO 22 222
1 →++ −+                                         (1.3) 
Overall: OHOH 222 2
1 →+                                                (1.4) 
Therefore, fuel is always hydrogen-rich gas and oxidant is oxygen or air. 
4 
 Due to the limitation imposed by polymer membrane, the operation temperature is quite low 
(below 80oC). To speed the reactions at low temperature, a catalyst layer (Pt or Pt/Ru in most 
cases) is required for both anode and cathode. On the other hand, the low working temperature 
makes this fuel cell an ideal candidate for buildings, vehicles and portable electronics power 
applications. The main technique issues associated with this fuel cell are water balance, catalyst 
loading, manufacture cost and fuel storage. 
Direct methanol fuel cell (DMFC) 
DMFC uses the similar electrolyte as PEFC but employ methanol water solution as fuel. Since 
the methanol permeation rate is relatively high for ordinary PEFC membrane, some 
modifications have to be made, such as increasing the thickness of the membrane, adding barrier 
layer, changing the composition and the morphology of the membrane. The electrochemical 
reactions of DMFC are: 
Anode:                                   (1.5) −+ ++→+ eHCOOHOHCH 66223
Cathode: OHeHO 22 3662
3 →++ −+                                         (1.6) 
Overall: OHCOOOHCH 2223 22
3 +→+                                      (1.7) 
DMFC also has the same working temperature and applications as PEFC. In comparisons with 
hydrogen, methanol solution is easier to store and the energy density is higher, therefore DMFC 
is more suitable for portable power applications. However, the reaction rate of DMFC is more 
sluggish and the fuel crossing over problem can bring extra loss to the performance. 
Alkaline fuel cell (AFC) 
The electrolyte used in this fuel cell is an aqueous solution of alkaline potassium hydroxide 
(KOH) soaked in a matrix (usually asbestos). For different operation temperature, the 
5 
 concentration of KOH may vary. Both fuel (hydrogen) and oxidant (oxygen or air) have to be in 
high purity without reactive constituents in case the electrolyte will be altered. The 
electrochemical reactions of AFC are: 
Anode:                                           (1.8) −− +→+ eOHOHH 222 22
Cathode: −− →++ OHeOHO 22
2
1
22                                         (1.9) 
Overall: OHOH 222 2
1 →+                                              (1.10) 
The operation temperature of AFC is from 65oC to 220oC. NASA has used it on space missions 
since 1960s, which can provide both electricity and drinking water for spacecraft. However, this 
fuel cell is too expensive for commercial applications. 
Phosphoric acid fuel cell (PAFC) 
The electrolyte used in this fuel cell is 100% phosphoric acid. The matrix used to contain the 
electrolyte is often silicon carbide and Pt as catalyst is required at both electrodes. PAFC can 
tolerate a small amount of carbon dioxide so it can use hydrogen rich gas with CO2 existence. 
The electrochemical reactions of PAFC are: 
Anode:                                                (1.11) −+ +→ eHH 222
Cathode: OHeHO 22 222
1 →++ −+                                        (1.12) 
Overall: OHOH 222 2
1 →+                                               (1.13) 
The operation temperature of PAFC is from 150oC to 220oC. It is reported that there are more 
than 200 such fuel cell systems installed all over the world – mostly used in buildings. However, 
the requirement of high cost precious metal as catalyst and CO intolerance limit its further 
development. 
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 Molten carbonate fuel cell (MCFC) 
MCFC uses a combination of alkali carbonates retained in a ceramic matrix of LiAlO2 as 
electrolyte. At high temperature (600oC – 700oC), alkali carbonates form highly conducive 
molten salts that can let carbonate ions pass through. Noble metal catalysts are not required and 
the fuel selection range is very wide: hydrogen, carbon monoxide, natural gas, propane, diesel 
and etc.  The primary electrochemical reactions of MCFC are: 
Anode:                                    (1.14) −− ++→+ eCOOHCOH 222232
Cathode: −− →++ 2322 22
1 COeCOO                                        (1.15) 
Overall: 22222 2
1 COOHCOOH +→++                                    (1.16) 
MCFC has mainly been used in electric utility applications and stationary applications. The 
disadvantages of MCFC includes highly corrosive and mobile electrolyte, CO2 source 
requirement at cathode to form carbonate ions, material problem due to high working 
temperature and etc. 
Solid oxide fuel cell (SOFC) 
The electrolyte in SOFC is ceramic which mainly consists of a solid, nonporous metal oxide, 
usually Y2O3-stabilized ZrO2. Mostly, the anode is Ni-YSZ cermet and the cathode is Sr-doped 
LaMnO3. SOFC has two work temperature ranges: 600oC – 800oC and 800oC – 1000oC. The cell 
shape of SOFC can be either planar or tubular. At high temperature, the electrolyte is conductive 
for oxygen ions. Also to improve the ionic conduction, thin film technology has been widely 
introduced in the production of SOFC cell. Alternative electrolyte and electrodes are also being 
developed. The primary electrochemical reactions of SOFC are: 
Anode:                                            (1.17) −− +→+ eOHOH 2222
7 
 Cathode: −− →+ 22 22
1 OeO                                               (1.18) 
Overall: OHOH 222 2
1 →+                                               (1.19) 
The commercialization of SOFC is mainly focused on industry and large-scale electrical power 
stations. However, some companies are also trying to develop SOFC for motor vehicles and 
other small-scale applications. The high working temperature brings about a lot of technique 
challenges in the fabrication of SOFC, especially the sealing between cells. How to decrease the 
manufacturing cost is the key to the successful commercial applications of SOFC. 
Zinc air fuel cell (ZAFC) 
A typical ZAFC consists of a gas diffusion electrode (GDE), a zinc anode separated by 
electrolyte (usually concentrated KOH), and some mechanical separators. Oxygen can pass 
through the GDE and form hydroxyl ions. The hydroxyl ions then travel through the electrolyte 
to the Zinc anode and reacts with Zinc. The electrochemical reactions of ZAFC are: 
Anode:                                    (1.20) −− ++→+ eOHZnOOHZn 22 2
Cathode: −− →++ OHeOHO 22
2
1
22                                       (1.21) 
Overall: ZnOOZn →+ 22
1
                                              (1.22) 
After the Zinc is used up, a recycling/refueling system uses electrolysis to convert the zinc oxide 
back to zinc metal in pellet form using AC electricity. Based on the similar principle, other metal 
can also be used as fuel for the metal-air fuel cell, such as aluminum air fuel cell. This type of 
fuel cell has a potential wide range of applications, ranging from electrical vehicles, commercial 
electronics to military. The extra recycling/refueling system and the efficiency are the main 
drawbacks of this fuel cell. 
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 Protonic ceramic fuel cell (PCFC)  
This fuel cell is based on a ceramic electrolyte material that has high protonic conductivity at 
high temperatures. At 700oC, together with the same thermal and kinetic advantages as MCFC 
and SOFC, PCFC exhibit all the intrinsic benefits of proton conduction in PEFC and PAFC. 
Therefore, the primary electrochemical reactions of PCFC are as same as PEFC and PAFC. 
High operating temperature is necessary to achieve high fuel efficiency with hydrocarbon fuels. 
PCFC can operate at high temperatures and utilize fossil fuels directly, which eliminates the 
costly reforming process. Gaseous molecules of the hydrocarbon fuel are absorbed on the surface 
of the anode in the presence of water vapor, and separated hydrogen ions pass through the 
electrolyte, with carbon dioxide as the primary reaction product. Additionally, PCFC have a solid 
electrolyte so water management becomes much easier. Protonetics International Inc. first 
developed this type of fuel cell. 
Regenerative fuel cell (RFC) 
Regenerative fuel cell provides a closed-loop form of power generation. Water is first separated 
into hydrogen and oxygen using a solar-powered electrolyser. Then hydrogen and oxygen are fed 
into the fuel cell to generate electricity, heat and water. The water is then recirculated back to the 
solar-powered electrolyser and the process repeats again. The electrochemical reactions of RFC 
are as same as PEFC. This is an attractive method to store and covert solar energy. NASA and 
others developers worldwide are currently investigating this type of fuel cell. 
Bio-fuel cell (BFC) 
Bio-fuel cell ranges from microbially sustained cells at the seawater/sediment interface or in 
waste streams, to highly engineered bioanodes and biocathodes using redox enzymes. The 
electrochemical reactions of microbial BFC using acetic acid as fuel are: 
9 
 Anode:                               (1.23) −+ ++→+ eCOHOHOHC 8282 22242
Cathode:                                       (1.24) OHeHO 22 4882 →++ −+
Overall: 222242 222 COOHOOHC +→+                                   (1.25) 
The research issues with microbial fuel cell include choice of external or internal electron 
mediators to achieve useful current densities, elucidation, and exploitation of the complex set of 
redox reactions and gradients at the electrodes, and microbial selection and immobilization. Bio-
fuel cell utilizing engineered redox enzymes at both electrodes requires all catalytic components 
to be immobilized (i.e., non-freely diffusible) at high density and correctly oriented. Mechanisms 
for rapid electron and hydride transfer between the electrodes and the biocatalytic redox center 
need to be developed. Also of interest are experimental and theoretical approaches to bio-mimic 
catalysts able to activate C-H bonds at ambient temperatures in fuels such as alkanes. 
Basic information about these various types of fuel cell is summarized in Table 1. 
Table 1 Basic information for different types of fuel cell 
Fuel Cell Type Fuel Electrolyte Operation 
Temperature 
Applications 
PEFC Hydrogen 
Gas 
Ion Exchange 
Membrane 
< 80oC Mobile and portable 
applications, also for lower 
power CHP systems. 
DMFC Methanol 
Water 
Solution 
Ion Exchange 
Membrane 
< 80oC Portable power 
applications. 
AFC Hydrogen 
Gas 
Mobilized or 
immobilized 
Potassium 
Hydroxide 
65oC – 220oC NASA space missions. 
PAFC Hydrogen 
Gas 
Immobilized 
Liquid 
Phosphoric 
Acid 
150oC – 220oC Many 200 kW CHP 
systems in use. 
MCFC Gaseous 
Hydrocarbon 
Fuel 
Immobilized 
Liquid 
Molten 
Carbonate 
600oC – 700oC Medium to large scale 
CHP systems, up to MW 
capacity 
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 SOFC Gaseous 
Hydrocarbon 
Fuel 
Ceramic 600oC – 800oC 
or 
800oC – 1000oC
All sizes of CHP systems, 
2kW to multi MW. 
ZAFC Zinc Concentrated 
Potassium 
Hydroxide 
< 70oC Mobile and portable 
applications. 
PCFC Gaseous 
Hydrocarbon 
Fuel 
Ceramic ~700oC CHP systems. 
RFC Hydrogen 
Gas 
Ion Exchange 
Membrane 
< 80oC NASA space missions. 
BFC Biomass Seawater or 
Waste 
Streams 
Ambient 
Temperature 
Small power sources for 
micro sensors, micro 
actuators and telemetry 
devices 
 
 
1.1.4 Current developments of fuel cell for portable electronic devices 
 
 
As recently reported [1], there exists a great need for a long lifetime, high-efficiency power 
generation system with compact size to provide the driving power for portable or self-sustaining 
electronic systems. Of all kinds of fuel cells, PEFC and DMFC can deliver high power density 
and operate at low temperature, allowing for faster startups and immediate response to changes 
in the demand for power. Together with low weight, cost, and compact volume, PEFC and 
DMFC are believed to be the ideal power generation source for powering electronic devices. 
However, as the development of other miniaturized devices, many issues related to the design, 
fabrication and performance evaluation of PEFC and DMFC in the small scales still remain to be 
solved for the actual applications of power devices. 
Up to now, many companies have focused their research on developing micro or miniaturized 
PEFC and DMFC for powering portable electronic devices and some of them have already 
demonstrated some interesting prototypes. Most of these prototypes are used to provide 
electricity for PDAs, cell phones and notebooks. 
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 In USA, MTI is one of the most aggressive companies working on the development of micro fuel 
cells used for portable electronic devices. It has recently made a lot of technique breakthroughs 
that led to a series of successful micro DMFC prototypes. Its first proof-of-concept DMFC 
system was demonstrated in the summer of 2001, which is shown in the top left of Fig. 3. This 
consisted of two micro fuel cells stacked together to provide greater overall power output while 
retaining a compact design. Later in October 2001, it presented an early prototype hybrid micro 
fuel cell system shown in top right of Fig. 3, which included a micro fuel cell, a fuel cartridge, a 
small hybridizing battery and the voltage regulation electronics. This system prototype 
demonstrated the ability to operate in any orientation, even upside down. The bottom left one in 
Fig. 3 was demonstrated in March 2002 and the power output was more than double that of the 
previous prototype. The bottom right one in Fig. 3 was finished in August 2002. This design 
included a replaceable methanol fuel cartridge, no pumps and worked in any orientation. The 
size of it was only 50 percent of that of the October 2001 prototype. 
 
Figure 3 Prototypes of MTI micro fuel cell system 
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Figure 4 Intermac’s newest RFID handheld reader using MobionTM fuel cell technology 
 
Figure 5 Two concept models incorporated with MobionTM fuel cell technology 
The latest technology developed by MTI is called MobionTM, which uses a different approach to 
solve the water management problem. It is claimed that this technology can achieve the water 
flow within the cell from cathode to anode without extra water management system. Therefore 
the 100% methanol can be directly fed into the anode that means more fuel can be carried and 
the whole system is more compact. Fig. 4 shows a radio-frequency identification reader (RFID) 
utilizing this new technology. It is reported that this device can run for 30 hours (8 hours if use 
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 conventional battery) before a new fuel cartridge is needed. The MobionTM fuel cell can also be 
used for other portable electronic devices such as shown in Fig. 5: one is a handheld 
entertainment system, and the other is a PDA/smart phone. 
Other American companies such as Motorola, PolyFuel, Neah Power Systems, and Medis 
Technologies LTD have also been working on micro fuel cell power systems. Fig. 6 shows a 
PDA powered by a Motorola DMFC prototype. The dimension of it is 2 inches by 2 inches. 
Electronic circuits integrated directly onto a ceramic substrate efficiently converts the output 
voltage of the planar fuel cell stack to the higher voltage required for driving the portable 
electronics. This prototype uses a highly simplified and miniaturized passive air-breathing 
design. Motorola lab is also exploring the possibility of utilizing reformed methanol fuel cell in 
which the methanol fuel is converted into a mixture of hydrogen and carbon dioxide before fed 
into the fuel cell stack. 
 
Figure 6 The Motorola DMFC prototype powering a PDA 
Fig. 7 is one of the cell phone prototypes. It is a CA-based PolyFuel power system fitting on the 
back of a Nokia cell phone. Note that the honeycombed vents can let air in, water vapor out. 
PolyFuel uses a self-developed hydrocarbon membrane that is said to have less water flux and 
less methanol crossover than perfluorinated membranes. 
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Figure 7 Prototype methanol micro fuel cell from Menlo Park 
Instead of polymer membranes, Neah Power Systems utilizes porous silicon filled with liquid 
electrolyte (shown in Fig. 8) as the core of fuel cell. It is expected that the new structure can 
provide a much larger reaction area for electricity generation than conventional PEFC. Another 
advantage is that this design can use higher concentration of methanol fuel without methanol 
crossover. Taken together, a higher output power density can be achieved. 
 
Figure 8 New electrolyte structure developed by Neah Power System 
      
Figure 9 Medis Technologies LTD’s power pack 
 
 
15 
 Fuel used in micro fuel cell power systems can also be different. Medis Technologies LTD 
developed a highly advanced liquid fuel, the basic components of which are borohydride-
alkaline solutions combined with alcohols. This kind of fuel has high levels of electrochemical 
activity. Unlike methanol, it is not flammable and not toxic. The electrolyte used is in liquid 
form. The power pack developed by Medis Technologies LTD has a very simple design and 
architecture, only consisting of an anode, a cathode, a chamber for the liquid electrolyte and a 
fuel chamber. The anticipated size of the power pack is 80 x 55 x 30 mm (3.2 x 2.2 x 1.2 inches) 
and has a weight of 120 grams empty and 200 grams fueled. Fig. 9 shows some of the 
applications of this power pack. 
Many Japan companies are also very active in the research and development of micro fuel cell 
power systems. Casio’s fuel cell prototype for laptop applications uses methanol as fuel but not 
directly. A micro-reactor shown in the bottom right of Fig. 10 is used to reform methanol to 
hydrogen gas. It is reported that the reforming rate is very high, more than 98%. Since the fuel 
fed into the fuel cell stack is hydrogen gas, the high output power density can be obtained while 
keeping a compact size. It is expected that a laptop PC with Casio fuel cell using methanol will 
be half in weight and provide about four times in the battery life time compared with that using a 
Lithium ion rechargeable battery. 
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Figure 10 Casio fuel cell prototypes 
Fig. 11 shows a portable information terminal device powered by a methanol fuel cell. The 
whole system is developed by Hitachi. Shown in the top right is the fuel cartridge, which can be 
plugged into the cylinder chamber at the left side of the portable electronic device. The opening 
at the bottom of the device is for natural air ventilation. 
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Figure 11 Hitachi fuel cell prototypes 
The NEC’s DMFC prototype shown in Fig. 12 employs carbon nanotubes as the basic building 
materials for its electrodes. The platinum particles deposited on carbon nanohorns are smaller 
than on ordinary substrates so the effective contact surface of the catalyst is increased. The 
power output density of the 2003’s system was 50 , and it is increased to 70  
for the new model. NEC is also focusing on equipping the fuel cell with monitoring and 
management systems so that the power generation can be smooth and stable. 
2/ cmmW 2/ cmmW
 
Figure 12 NEC fuel cell notebook prototypes from 2003 (left) to 2004 (center, right) 
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 NTT DoCoMo is developing a micro fuel cell prototype for its 3G cell phone handsets. The 
dimension of this prototype is 152 x 57 x 16 mm and it has a weight of 190 grams. The fuel used 
is 30% methanol and the power output is expected to be 5.4 V, 700 mA. 
 
Figure 13 NTT DoCoMo 3G cell phone handset powered by micro fuel cell  
Toshiba had developed micro fuel cell prototypes for both PDAs (Fig. 14) and laptops (Fig. 15). 
As shown in Fig. 14, Toshiba incorporates water recovery, recycling, carbon dioxide separation 
and onboard methanol/water mixing into their DMFC prototype to power a PDA therefore the 
whole system is quite large. To increase the current density, a motor-powered pump is used to 
speed up the methanol diffusion. Two tanks containing methanol and water separately are 
installed for internal dilution. The maximum output of this prototype is 8W and the average 
output ranges from 3W to 5W. Toshiba’s micro fuel cell prototype for laptops is also very large 
(the back part attached to the laptop in Fig. 15) and it is necessary to shrink the dimension for 
real applications. 
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Figure 14 Toshiba prototypes fuel cell-powered PDA 
 
Figure 15 Toshiba prototypes fuel cell-powered laptop 
In Europe, micro fuel cell power system for portable electronics is also in development. Most of 
the prototypes there are focused on PEMFC using hydrogen as fuel so the fuel storage problem 
remains to be solved. The prototype shown in Fig. 16 is a miniaturized hydrogen PEFC system 
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 developed by a German company. A small metal hydride tank is used to supply hydrogen to the 
fuel cell stack. The whole fuel cell stack looks like a perforated cylinder so the air can flow into 
the cells stack through the mesh-like holes on the side. Obviously this is not a compact design 
and the cost of the hydrogen storage tank makes the whole system too expensive for ordinary 
users. 
 
Figure 16 Fraunhofer ISE's micro-fuel cell powering a laptop 
From these prototypes introduced above, it can be found that the micro or miniaturized DMFC is 
the most widely used technology for powering portable electronics. This is because PEFC suffers 
from the storage problem of hydrogen although it usually has a better performance than DMFC. 
Using liquid methanol solution as fuel directly, DMFC is therefore much more straightforward 
and attractive for commercial applications. Many researchers [2, 3] have discussed the benefits 
and challenges utilizing such a direct-fuelled system. Also for commercial portable applications, 
the preferred operation conditions for micro or miniaturized DMFC are ambient pressure and 
temperature, air breathing (air supply by natural convection) cathodes and as few peripheral 
devices as possible (pumps, valves, fans, etc.) [4]. 
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 To optimize a micro or miniaturized DMFC power system, there are many engineering issues to 
be considered, which include materials selection, fabrication method, thermal management, 
water management, methanol crossover, fuel delivery, oxidant supply, power conditioning and 
etc. Many of them have already been addressed in academic publications. 
Most commonly, various micro fuel cell designs are fabricated on silicon substrate using 
advanced silicon-processing and thin film technology such as photolithographic pattering, dry 
and wet etching, chemical and physical vapor deposition, spin-cast coating [5-8]. Most of these 
micro fuel cells were tested using hydrogen but could use methanol as fuel with further 
adaptation. The designs can be either monolithic [5, 6] or bilayer [6-8]. It was found that bilayer 
design had a much better performance than monolithic design [6]. Also the performance of 
miniaturized fuel cells was generally lower than that of conventional fuel cells and high cell 
resistance was suggested to be one of the major reasons [6]. This problem can be partially solved 
by sputtering a Cu/Au composite layer on the top of the silicon wafer to reduce its resistance as a 
current collector [8]. 
Other than silicon, other substrates can also be used to fabricate micro fuel cells. It is reported 
that prototypes of self-breathing PEFC with a size of 1cm x 1cm and a thickness of 200 mµ  were 
fabricated on stainless steel foil and the stable operation was achieved at 80  under 
ambient condition with dry hydrogen fuel [9]. Another micro fuel cell was fabricated on a 
polydimethylsiloxane (PDMS) substrate and operated at room temperature with a maximum 
power density of about 700 with hydrogen as fuel [10]. 
2/ cmmW
2/ cmWµ
Comparing with hydrogen, the electrochemical reactivity of methanol is more sluggish. One way 
to solve this problem is to use a micro methanol fuel processor that can convert methanol to 
hydrogen, carbon dioxide and remainder carbon monoxide. For a 15 W portable fuel cell power 
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 supply, the thermal efficiency of the fuel processor was able to reach 60% and the efficiency of 
the whole system was 29% [11]. For another sub-watt application, a 33% thermal efficiency of 
the fuel processor was achieved [12]. Certain progress has been made on micro fuel professors. 
However, the design with a micro methanol fuel processor is less favorable because it will add to 
the complexity and cost of the whole system, also with extra energy consumption. 
Other methods that can improve the performance of micro fuel cells have also been investigated.  
A new “flip-flop” interconnection between micro fuel cell arrays was presented to simplify the 
membrane processing, interconnection design and decrease connection resistance [13]. The 
factor of scaling behavior of different flow patterns (interdigitated, serpentine and spiral 
interdigitated) was studied using CFD [14]. Different membranes such as acid loaded porous 
silicon [15] were fabricated and tested. The addition of sulfuric acid with methanol fuel can also 
improve the cell performance by increasing the conductivity of fuel solution [16]. 
Another issue has to be aware about micro or miniaturized DMFC is the separation and removal 
of carbon dioxide generated at the anode side. In the worst case, these carbon dioxide bubbles 
can cling to the reaction surface or block the micro flow channels. Either way, the performance 
of the micro fuel cells will deteriorate very quickly. Using deep reactive ion etching (DRIE) 
technique, a passive gas-liquid separation system for micro DMFC was presented [17]. Both gas 
and liquid separators consisted of staggered arrays of etched-through holes. The gas separator 
was coated with a thin layer of hydrophobic polymer while the liquid separator was simply made 
of an array of holes on a hydrophilic silicon wafer. Successful gas-liquid separation was 
observed at liquid pressures between 14.2 and 22.7 , liquid flow rates between 0.705 and 
1.786 , and  flow rates between 0.15160 and 0.20435 . 
OcmH 2
min/cc 2CO min/cc
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 As mentioned above, there are many research issues to be solved for the development of micro 
or miniaturized DMFC power systems. In this thesis, the main focus will be the fuel delivery 
problem. There are several requirements for the fuel delivery system. First of all, it should be 
able to provide sufficient flow rate for the fuel cell reaction. Second, the power consumption of it 
should be as small as possible so more net output power can be obtained. Also it should be easy 
to control so it can match well with the fluctuation of the outer load. Last the fabrication and the 
system integration should be simple, economical, and the size of it should be as small as 
possible. For medium and large size DMFC, conventional pumps can be used to drive the fuel 
flowing through the fuel cell. For micro or miniaturized DMFC, there are several options for fuel 
delivery and micropump is one of them. 
 
 
 
 
1.2 MICROPUMP 
 
 
1.2.1 Pump basics 
 
 
Pump is one of the earliest inventions in human civilization and the earliest pumps can be traced 
back to the undershoot-bucket waterwheels that can carry water into a collecting rough as the 
force of stream is pushing the wheels rotating (center of Fig. 17). Another early pump, 
Archimedes’ screw pump (Fig. 18) is still being utilized to transport liquid-solid mixtures 
nowadays. With the time passing by, numerous pumps with different dimensions have been 
developed based on various pumping mechanisms for different applications. It is estimated that 
the pump is probably the second most common machine in use, exceeded only by the electric 
motor [18]. 
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Figure 17 Illustration of waterwheels designs 
 
Figure 18 Illustration of Archimedes’ screw pump 
There are many methods that can be used to classify pumps such as the applications they served, 
the materials being used for manufacturing, and the liquids in transportation. All these 
classifications can be limited and overlap with each other. A more general classification based on 
the pumping principle is used here and according to this method, pumps can be divided into two 
groups: dynamic pumps and displacement pumps. In dynamic pumps, the momentum energy is 
continuously added to the fluid so that high fluid velocities can be obtained within the pumps. 
Since these velocities are higher than those at the outlet, this velocity difference can result in a 
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 pressure difference. This pressure difference is then pushing fluid moving forward. Dynamic 
pumps can be further divided into centrifugal pumps (including axial flow, mixed flow or radial 
flow, and peripheral) and other special-effect pumps (including jet, gas lift, hydraulic ram and 
electromagnetic). In displacement pumps, the energy is periodically added to the fluid by 
applying force to the movable boundaries of an enclosed fluid volume. As a result, the pressure 
of the fluid varies periodically while the inlet and outlet open alternately. Therefore the fluid is 
being transported. A classic example of displacement pumps is human heart that can pump blood 
throughout the whole body. Displacement pumps can be further divided into reciprocating 
pumps (including diaphragm, piston or plunger) and rotary pumps (including vane, screw, gear, 
flexible membrane and etc.). 
Generally, dynamic pumps can supply a higher flow rate and the output flow is much steadier, 
while displacement pumps can provide a high-pressure rise and have less difficulties in the 
delivery of high-viscosity fluids. 
 
 
1.2.2 Micropump history  
 
 
The research on micropumps initially emerged at Stanford University in 1980 [19]. Since then 
micropumps have received a lot of attention and have played an important role in the 
development of microfluidics systems. The applications of micropumps include chemical 
analysis systems, microdosage systems, ink jet printers and other microelectromechanical 
systems (MEMS) that require microliquid handling. 
During the last several decades, various designs of micropumps made of different materials and 
based on different pumping mechanisms have been presented. As often cited, J. G. Smits [20] 
developed one of the earliest micropumps and published it in 1990. As shown in Fig. 19, this 
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 micropump was fabricated on a 2-inch silicon wafer bonded with 2 glass plates on each side. 
And three piezoelectric disks were glued on the thinner glass plate over the area where the inlet 
and outlet orifices were located. When these three piezoelectric elements were actuated one by 
one to form a peristaltic motion, a certain flow rate from inlet to outlet was established. Water 
was the working fluid. The pump was able to obtain a flow rate of 100 minlµ  at zero 
backpressure and a maximum pump pressure of 60 cm  at zero flow rate. The maximum 
pumping speed was reached at a driving frequency of 15 Hz and no pumping effect was observed 
at driving frequencies higher than 50 Hz. The self-priming ability of this pump was very poor 
and the outgassing of water was necessary for the normal operation. In spite of these drawbacks 
and low performance, the basic principle of this micropump proved to be solid and has been 
adopted into other new micropump designs till now. 
OH 2
 
Figure 19 The piezoelectric micropump developed by J. G. Smits 
 
 
 
 
 
 
 
 
 
 
 
27 
  
 
1.2.3 Micropump types 
 
 
According to the classification method mentioned above, micropump can also be divided into 
two groups: dynamic micropumps and displacement micropumps. An extensive review about 
different types of micropumps has been presented recently [21] and some of its content related to 
this research is introduced briefly below. 
Dynamic micropumps 
There are great difficulties and limitations in scaling down the conventional centrifugal pumps. 
Other alternatives to pump fluid at micro scale have been explored including electromagnetic 
effects and acoustic effects. Based on the interactions between the fluid and the electromagnetic 
field, electrohydrodynamic, electroosmotic and magnetohydrodynamic micropumps are 
developed. 
Electrohydrodynamic (EHD) micropumps  
The principle of electrohydrodynamic (EHD) micropumps is to utilize the effects of electrostatic 
forces with ions in dielectric fluids. For the EHD micropumps using the Coulomb force acting on 
free charges, the operation of them requires the existence of space charge in a dielectric fluid. 
For the EHD micropumps using the polarization force rather than the Coulomb force, the flow is 
generated through electric field interactions with dipoles in a polarized medium. One of the 
possible applications of EHD micropumps is microelectronics cooling. 
Electroosmotic (EO) micropumps 
When a fluid comes in contact with a solid, certain surface charge will develop spontaneously. 
Also a so-called electrical double layer (EDL) will form due to the shielding of this surface 
charge by the bulk liquid counter-ions. In electroosmotic (EO) micropumps, an electric field 
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 parallel to the wall is applied so that some portions of the counter-ions in EDL can be set into 
motion. The mobile ions then drag bulk liquid in the direction of the electric force. The 
performance of EO micropumps depends on (i) the magnitude of the applied electric filed and 
applied voltage, (ii) the cross-sectional dimensions of the structure in which flow is generated, 
(iii) the surface charge density of the solid surface that is in contact with the working fluid and 
(iv) ion density and pH of the working fluid. EO flows has been used in a wide range of 
applications, especially in the area of chemical and biological analysis. 
Magnetohydrodynamic (MHD) micropumps 
In magnetohydrodynamic (MHD) micropumps, a magnetic field is applied to the aqueous 
solutions with current-carrying ions so that a Lorentz force can be generated to induce flow. The 
performance of MHD micropumps is limited by (i) the magnetic flux density, (ii) the scaling 
effect that makes miniaturization difficult, and (iii) the thermal effect that limits current density. 
Other dynamic micropumps 
The dynamic micropumps based on the flow induce by flexural waves propagating through a 
membrane in contact with the fluid have been reported recently. Piezoelectric actuators are used 
to generate the ultrasonic flexural waves in these micropumps. Other dynamic micropumps 
based on thermal transpiration have also been presented. 
Displacement micropumps 
Displacement micropumps can be further divided into reciprocating displacement, aperiodic 
displacement and rotary displacement micropumps. 
Reciprocating displacement micropumps 
Of all the micropumps, reciprocating displacement micropumps that use movable boundary to 
push the working fluid periodically attract the most research attention. In these micropumps, the 
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 movable boundary is often a deformable plate – the pump diaphragm – with fixed edges. The 
pump diaphragm can be made of silicon, glass, plastic and metal. Besides the pump diaphragm, 
other basic components include a pump chamber, an actuator mechanism or driver and flow 
directing elements (valves, nozzle/diffuser and etc.). In operation, the actuator drives the pump 
diaphragm to increase and decrease the volume of the pump chamber periodically. When the 
pump chamber is in expansion, the fluid is drawn in. When the pump chamber is in contraction, 
the fluid is forced out. The flow directing elements are carefully designed and regulated so that a 
net flow from inlet to outlet can be obtained during one circle of expansion and contraction. 
There exists a wide range of designs in pump chambers, actuation mechanisms and flow 
directing elements for reciprocating displacement micropumps. Most micropumps only have one 
single pump chamber but some have multiple pump chambers connected in series or in parallel. 
The micropump shown in Fig. 20 only has one pump chamber and two passive check valves.  
And the micropump shown in Fig. 19 has three pump chambers connected in series and no valve 
is required. 
 
Figure 20 Reciprocating displacement micropump with single pump chamber [22] 
The actuation mechanisms used in reciprocating micropumps include piezoelectric effect, 
thermopneumatic effect, electrostatic effect, and pneumatic effect. How these mechanisms work 
in micropumps is shown in Fig. 21. In (a), the micropump is driven by a piezoelectric bending 
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 mode actuator. The bottom surface of the piezoelectric disk is bonded to the pump diaphragm 
while the top surface is free. When applying an electric field in the polarization direction, the 
diaphragm deflects due to the bending moment introduced by radial strain in the piezoelectric 
disk. Different in (b), the micropump is driven by a piezoelectric thickness mode actuator. The 
bottom surface of the piezoelectric disk is also bonded to the pump diaphragm but the top surface 
is bonded to a rigid frame. When applying an electric field in the polarization direction, the 
diaphragm deflects mainly as a result of the axial strain in the piezoelectric disk. The 
thermopneumatic mechanism is used in (c). When the thin film heater heats the driver working 
fluid inside the second chamber on top of the pump chamber, the heated fluid will expand and 
therefore exert pressure on the diaphragm. In (d), the electrostatic driver is used to pump the 
fluid. There are two parallel electrodes in this micropump: One is bonded to the pump diaphragm 
and the other is bonded to a rigid frame. The diaphragm can deflect by applying an electric field 
between these two electrodes. Last in (e), the pressure above the pump diaphragm varies 
periodically by alternately pressurizing and venting the gas in a second chamber above the pump 
chamber. This is called an external pneumatic driver. 
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Figure 21 Reciprocating displacement micropumps with different actuation mechanisms 
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 The flow directing elements are very important for the micropump operation and several 
different designs have been presented. In earlier research, passive check valves were often used 
(Fig. 20 and Fig. 21). To eliminate the wear and fatigue of valves and reduce clogging, valve-less 
designs started to attract more research attention. The first piezoelectric valve-less micropump 
was introduced in 1993 [23]. As shown in Fig. 22, nozzle/diffuse elements were used to rectify 
the flow direction in this design. The opening angles of these nozzle/diffuser elements were 
small, normally less than 20o and the diffuser direction was the positive flow direction. A 
different type of nozzle/diffuser elements fabricated in silicon using anisotropic wet etching was 
presented in 1995 [24, 25]. As shown in Fig. 23, the opening angle of this design was 70.5o and 
the positive flow direction was in the converging wall direction. Besides nozzle/diffuser 
elements, another flow directing element called valvular conduit was also used in micropumps 
and it was reported that this design had higher volumetric efficiency than nozzle/diffuser 
elements [26]. The photo of this valvular conduit is shown in Fig. 24. 
 
Figure 22 Piezoelectric valve-less micropump with conical nozzle/diffuser elements 
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Figure 23 Piezoelectric valve-less micropump with pyramidic nozzle/diffuser elements 
 
Figure 24 Valvular circuit 
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 In summary, reciprocating displacement micropumps have a very wide variety of chamber 
configurations, actuation mechanisms and flow directing element types. Accordingly the 
performance of them also covers a broad range: the flow rate ranges from several minlµ  to tens 
of minml , the pressure head ranges from several hundred Pa to hundreds of kPa and there is 
almost no limitation for working fluids. 
Aperiodic displacement micropumps 
Aperiodic displacement micropumps also drive the working fluid by the deformation of movable 
surface or boundary, but the movement of such surface or boundary is neither reciprocating nor 
periodic. Usually, this type of micropumps is only suitable for pumping finite volumes of fluid. 
Pneumatically driven aperiodic displacement pumps have been used in miniaturized drug 
delivery systems and the recharging of pressure source is required after long-term use. Other 
methods to drive aperiodic displacement micropumps include thermal or electrochemical phase 
change, electrical control of interfacial tension (also called electrowetting), thermocapillary 
effects, osmosis, and interactions of local electric fields. 
Rotary displacement micropumps 
Of a small number of rotary displacement micropumps reported, most were micro gear pumps. 
There are several main challenges that limit the development of such micropumps: 1) It is 
achievable to manufacture micro gear structures but very difficult to minimize the gaps between 
the gears and the housing, through which backflow can occur. 2) The operation backpressure of 
gear pumps generally scales with the inverse of viscosity so the best-suited working fluids for 
these pumps are moderately high viscosity liquids. 3) External motors used to drive gear pumps 
limit the possibility of miniaturization while other driving methods are still unsatisfactory. 
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1.2.4 Current developments of valveless piezoelectric micropump 
 
 
Valveless piezoelectric micropump belongs to the category of reciprocating displacement 
micropumps. Piezoelectric bending actuator is used to drive the pump diaphragm oscillating 
periodically and inlet/outlet channels with suitable geometries rectify the fluid flow. This type of 
pump can provide a broad range of flow rates and pressure head with the minimum risk of valve 
wear, fatigue and clogging. Both experimental and theoretical research has been conducted on 
this subject since the first piezoelectric valve-less micropump was introduced in 1993 [23]. 
It is Swedish researchers, E. Stemme and G. Stemme who developed one of the earliest 
piezoelectric valve-less micropumps in 1993 [23]. In this micropump, conical nozzle/diffuser 
elements with small opening angles (<20o) were used to rectify the flow. The diameter of the 
pump chamber was 19 mm and the pumping frequency was of the order of 100 Hz. Using water 
as working fluid, the maximum flow rate was 16 minml  and the maximum pressure head was 2 
. Anders Olsson et al. continued their research on this micropump. They presented a new 
design with two pump chambers connected in parallel in 1995 [27] and later fabricated it on 
silicon [28, 29]. The performance of different nozzle/diffuser elements was also investigated 
[30]. A lumped-mass model for this pump was established using MATLAB [31] and a CFD 
model using ANSYS/Flotran was applied to analyze the flow directing ability of nozzle/diffuser 
elements [32]. All of these works were also summarized in [33]. 
OmH 2
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 As mentioned above, Torsten Gerlach et al. from Germany used pyramidic nozzle/diffuser 
elements with an opening angle of 70.5o in their micropumps [24, 25]. The pump diaphragm 
consisted of a Pyrex glass foil with a thickness of 120 mµ  and a PZT disk with a thickness of 
200 mµ . The pump housing and the nozzle/diffuser elements were fabricated on a silicon wafer. 
A prototype with 7 x 7 mm pump diaphragm reached flow rates of 400 minlµ  for water at an 
excitation frequency between 1 kHz and 10 kHz. 
The valvular circuit developed by Fred K. Forster et al. from US also showed flow directing 
ability in micropumps [26]. A linearized dynamic system model was established to help improve 
the original design and dramatic improvements were obtained [34]. They also utilized the finite 
element method to find the optimal geometric and material parameters for the circular 
piezoelectric micropump actuator [35]. 
The earlier micropump design presented by M. Koch et al. from UK utilized passive cantilever 
valves to control the fluid flow [36, 37]. The pump actuator was fabricated by screen-printing a 
piezoelectric layer onto a silicon membrane (8 mm x 4mm x 70 mµ ). Using ethanol as working 
fluid, the maximum flow rate was 120 minlµ  and the maximum pressure head was 2 kPa at an 
excitation voltage of 600 V peak to peak and an excitation frequency of 200 Hz. Later the 
improved design with the same nozzle/diffuser elements as used in Torsten Gerlach’s [24,25] 
were fabricated and tested. With ethanol as test liquid, flow rates up to 155 minlµ  and a 
maximum pressure head of 1 kPa were achieved at the same driving voltage of 600 V peak to 
peak [38]. 
Other than micromachined technology and MEMS technology, Nam-Trung Nguyen et al from 
Singapore have also used printed circuit board technique to fabricate piezoelectric valveless 
micropump [39]. Nozzle/diffuse elements with an opening angle of 4.29o were used. The pump 
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 diaphragm consisted two layers: the brass disk with a diameter of 15 mm and a thickness of 95 
mµ , the piezoelectric layer with a diameter of 12 mm and a thickness of 175 mµ . Peristaltic 
micropump has also been investigated. The maximum flow rate was 3 minml at low driving 
frequencies up to 100 Hz. Numerical simulations of such pumps using ANSYS/Flotran and 
CFD/ACE were given in [40]. They have also tried to make micropumps on polymeric materials 
[41]. 
The research introduced above focused more on the fabrication and test of valveless piezoelectric 
micropumps. Analytical modeling and numerical modeling are often used to optimize the design 
parameters and operation condition. Amos Ullmann from Israel established some simple 
analytical models to analyze the performance of single and double chamber micropumps [42]. 
Later he proposed an improved dynamic model so that the dynamic effects of the micropump 
especially at the inlet and outlet lines could be taken into account [43]. The more detailed model 
to study the influence of the fluid viscosity to fluid flow through the micropump channels was 
presented by Oana Tatiana Nedelcu and Victor Moagar-Poladian [44]. Due to the complexity of 
their model, only the numerical results were obtained and it was found that the pump efficiency 
was higher for smaller frequencies. They also conducted an ANSYS analysis for pump 
membrane deflection in various conditions. The analytical solutions for the deflection of circular 
PZT pumps actuator caused only by driving voltage have recently been reported [45, 46]. The 
analytical results they obtained showed good agreement with experimental data and numerical 
results. All these models can provide very useful insights about the design and operation of 
micropumps. However, due to the complicated coupling effects between the vibration of pump 
actuator and the flow of working liquid, there are still some discrepancies between these models 
and the actual micropumps with liquid loading. 
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 Besides academic efforts, some companies have been working on this valveless piezoelectric 
micropump as well. Fig. 25 shows the photo of some micropump products developed by PAR 
Technologies, Inc. These micropumps are made of plastic or metal and the excitation voltage is 
up to 400 V peak to peak from 3-12 V DC input. Table 2 shows the technical data for the 
smallest model, LPD-30S. 
Table 2 Technical data of pump model LPD-30S 
Model No. LPD-30S 
Flow Rate Up to 30 minml  
Pumping Frequency 130 Hz 
Pressure Head 0-1 psi 
Input Voltage 2.5-12 VDC 
Current Draw 10-130 mA 
Size 0.63 x 0.63 x 0.21 inch 
 
Figure 25 Photo of the micropump prototypes developed by PAR Technologies, Inc. 
39 
  
 
 
 
1.3 SUMMARY 
 
 
An extensive review of both fuel cell and micropump has been presented including the history, 
working principle, types, and current research status. They are very useful technologies and have 
already been used in many applications. To improve their performance and fit into the specific 
applications, a lot of challenges still have to be solved. 
As mentioned earlier, DMFC is a promising candidate for portable power applications and many 
prototypes have already been developed. However, the performance of such system is still 
unsatisfactory due to many factors such as slower electrochemical reaction, methanol crossover, 
fuel delivery, oxidant supply, water management, thermal management and etc. Of them, fuel 
delivery is the focus of this research and it is expected that micropump technology can be applied 
to solve this problem effectively. 
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2.0 RESEARCH OBJECTIVE 
 
 
 
 
The objective of this research is to develop a simple, efficient and compact power system for 
portable electronics by combining fuel cell technology with micropump technology. As 
mentioned in previous chapters, DMFC is a preferable choice for commercial applications 
because methanol solution is much easier to deal with as fuel than hydrogen. To improve its 
more sluggish performance comparing to PEFC, an appropriate fuel delivery system will play an 
important role. Therefore, a compact DMFC power system driving by valveless piezoelectric 
micropump is presented here and it is expected that the fuel delivery problem will be solved well 
in this system. 
 
Figure 26 Schematic of the miniaturized direct methanol fuel cell (DMFC) power system using valveless 
piezoelectric micropump for fuel delivery 
The cross-section of the DMFC power system with valveless piezoelectric micropump is shown 
schematically in Fig. 26. Note that the figure is not drawn in the actual scale. This system mainly 
consists of the following parts: fuel cell membrane electrode assembly (MEA), fuel chamber, 
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 nozzle/diffuser, micropump and pump chamber, and fuel supply manifold. All these parts are 
fabricated in a multi-layer structure to obtain a compact system. The fuel cell MEA is made of a 
Nafion® 117 membrane layer sandwiched by two electrode layers with catalysts deposited on 
them. And the micropump is fabricated by bonding a thin piezoelectric disk on a metal 
diaphragm. When applying an alternating voltage to the piezoelectric disk, the diaphragm is 
actuated to produce bending deformation that causes the volume change of pump chamber. By 
selecting appropriate shape and dimension of the nozzle/diffuser between pump chamber and 
fuel chamber, the fuel can circulate in the desired direction. And the fuel supply from the right 
chamber can compensate the fuel consumption. 
Before the performance of this whole system can be evaluated, it is necessary to design a 
micropump that can fit the requirements of the system. First, certain flow rate has to be obtained 
by this micropump so that enough fuel can be supplied for the electrochemical reaction and 
generated carbon dioxide can be removed from the reaction site by the flow. Second, since the 
power that is used to drive the micropump comes from the fuel cell itself, it is very important to 
keep this power consumption as small as possible. To calculate the flow rate and the power 
consumption, a theoretical model of the micropump is established in the next chapter. 
42 
  
 
 
 
3.0 THEORETICAL ANALYSIS OF MICROPUMP 
 
 
 
 
The most important part of a micropump is the actuator, which in this case is actually a 
piezoelectric bending actuator made of three layers: PZT layer, bonding layer and passive plate. 
When applying an alternating electrical field across the PZT layer, it will generate a 
reciprocating deflection in the direction vertical to the surface of the actuator. This deflection is 
then transferred to the pumping effect that drives the fluid inside the pump chamber flowing 
through the inlet/outlet. Therefore the first thing need to do in the micropump modeling is to 
calculate this deflection. In this chapter, two types of bending actuators have been investigated: 
one is the disk-type bending actuator, and the other is the ring-type bending actuator. Both can be 
used to drive the micropump. 
 
 
 
 
3.1 DEFLECTION OF DISK-TYPE BENDING ACTUATOR 
 
 
3.1.1 Models developed by previous researchers 
 
 
One of the earliest models to estimate the deflection of the disk-type bending actuator was 
presented in 1973 [47]. The actuator investigated in this paper was used in ink jet printers. The 
schematic of this model is shown in Fig. 27.  In this model, the bonding layer is ignored and the 
radius of the PZT disk is as same as that of the passive plate. The edges of both PZT disk and the 
passive plate are fixed. 
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Figure 27 Schematic of the pump actuator model in [47] 
Under the assumption of pure bending, the expression for the deflection of such a structure is 
given by Eq. (3.1-3.2) from [47], 
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Here, 
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                                              (3.2) 
ph ,  are the thickness of the PZT disk and the passive plate; mh pν , mν  are the Poisson’s ratio of 
the PZT disk and the passive plate;  is the Young’s modulus of the passive plate;  is the 
elastic compliance of the PZT disk at constant electric field;  is the piezoelectric charge 
coefficient and 
mE
Es11
31d
R  is the radius of the whole circular structure. As shown in Eq. (3.1), the total 
deflection consists of two parts: one is proportional to the pressure difference exerted on the 
whole structure, ; the other is proportional to the applied voltage across the PZT disk, U . plp
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 The volume change of the pump chamber induced by this deflection can be calculated by Eq. 
(3.3-3.5) from [47], 
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Similar to the deflection, the volume change also consists of two parts: one is proportional to the 
pressure difference, and the other is proportional to the applied voltage. If an alternating voltage 
is applied to the piezoelectric disk and the driving frequency is far less than the resonant 
frequency of the system, U  can then be substituted by ( )tU m ωsin . 
In most of the applications for micropumps, the PZT disk is smaller than the passive plate and 
therefore the edge of the PZT disk is often considered to be free. A model that is more accurate 
for such cases has recently been developed [45]. Fig. 28 shows the basic structure of the 
valveless piezoelectric micropump studied in this literature. The schematic of the actuator part is 
illustrated in Fig. 29. As shown in the figure, the PZT disk is adhered to the passive plate by a 
thin layer of conductive epoxy. 
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Figure 28 Schematic of the micropump design in [45] 
 
Figure 29 Schematic of the PZT disk-type bending actuator 
 
Figure 30 Schematic of the pump actuator model for analysis 
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Figure 31 Strain and stress distribution of the three-layer structure 
To model this bending actuator, the whole structure is divided into two parts: one is the three-
layer structure including PZT disk, bonding layer and passive plate, and the other is the rest part 
of passive plate that has the shape of a ring (Shown in Fig. 30). Since the thickness of the three-
layer structure is very small, it can be assumed that the strain distribution across the thickness 
direction is linear. Also assume that there exists a neutral surface that has no transverse or radial 
strain. These assumptions are shown in Fig. 31. The detailed derivation of this model is given 
below. 
Based on the work done in [48], the location of the neutral surface is 
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Here, , , and  represent the Young’s modulus of the passive plate, the bonding layer 
and the PZT disk respectively. 
pE bE pztE
pγ , , and bγ pztγ  represent the Poisson’s ratio of the passive 
plate, the bonding layer and the PZT disk respectively. , , and  represent the thickness 
of the passive plate, the bonding layer and the PZT disk respectively. 
ph bh pzth
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 For the bonding layer and the passive plate, stress σ  and strain ε  satisfy that 
x
x
x
x
E εγσ 21−=                                                            (3.7) 
The subscript  can be either  or b . x p
Due to the linear strain assumption, we have 
( ) zkz =ε                                                                (3.8) 
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where  is the deflection from the neutral surface, z iσ  is the stress at the interface between the 
bonding layer and the passive plate, and  is the distance between the neutral surface and the 
bottom surface of the passive plate. 
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Combining these three equations, the slope of the strain  can be obtained k
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Therefore, the stress distribution in the bonding layer can be expressed as 
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And using the linear piezoelectric constitutive equations, the stress distribution inside the PZT 
layer is 
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Here, U  is the applied voltage and  is the piezoelectric charge coefficient. 31d
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From the momentum balance of the three-layer structure, we have 
0=++ ∫∫∫ ++− +−+−−−− pztbp bpbppp hhhh hhh pzthhh hh bhhh p zdzzdzzdz σσσ                             (3.13) 
Substituting Eqs. (3.9), (3.11) and (3.12) into the equation above, we obtain that 
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The moment  is given by 1M
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Using the equations derived from [49], the effective Young’s modulus and Poisson’s ratio for the 
three-layer structure can be calculated. First, for the PZT and the bonding layer, the effective 
properties are: 
( )( ) ( )2221
2
21
21 11 pztbbpzt
bpztbpzt
bpzt ECEC
EECC
ECECE γγ
γγ
−+−
−++=′                              (3.17) 
  
( ) ( )( ) ( )2221
2
2
2
1
11
11
pztbbpzt
pztbbbpztpzt
ECEC
ECEC
γγ
γγγγγ −+−
−+−=′                                    (3.18) 
Here, 
hhChhChhh bpztbpzt ′′=′′=+=′′ 21 ,,                                     (3.19) 
Now, as for the whole structure, the effective properties can be derived: 
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Here, 
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As mentioned before, the whole pump actuator is divided into two parts and therefore the 
deflections of them can be calculated separately. For the rest part of the passive plate, its 
deflection  is obtained using the equations given by [50], 2w
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For the three-layer structure, its deflection  also follows [50], 1w
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Here,  represents the radius of the PZT disk and  represents the radius of the whole passive 
plate. The flexural modulus for the rest part of the passive plate and the three-layer structure are 
given by 
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To satisfy the continuity condition, 
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Substituting Eqs. (3.23) and (3.24) into (3.26), the moment  is found to be 11M
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Combining Eqs. (3.23), (3.24), (3.16) and (3.27), the deflection distribution  of the whole 
pump actuator can be fully determined. After rearrangements, the equations of the whole 
deflection can be rewritten as, 
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The volume change of the pump chamber induced by this deflection can be calculated using Eq. 
(3.3). Note that in this case, 
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It can be shown that the volume change of the pump chamber V∆  is ultimately proportional to 
the applied voltage U  and can be written as 
UkV eff=∆                                                           (3.31) 
The proportional coefficient  only depends on the dimensions and the material properties of 
the pump actuator. The same conclusion has been obtained in the model mentioned previously. 
Also U  can be substituted by 
effk
( )tU m ωsin  under certain circumstances. The deflection caused by 
pressure difference is not considered in this model. 
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 Another similar model [46] has been developed with some major differences. The schematic of 
this model is shown in Fig. 32. The whole structure is also divided into two parts. This step is 
just the same as in the previous model. 
 
Figure 32 Schematic of the pump actuator model in [46] 
In this model, the bonding layer is neglected so the central part is only a two-layer structure. For 
this two-layer part, simply supported at ar = , the deflection at point A  relative to the 
supporting point  is 1O
( ) ( ) ( ) ( .0,12 2221 arraD Mrw ee ≤≤−+=′ ν )                                   (3.32) 
Here  and eD eν  are the equivalent flexural modulus and the equivalent Poisson’s ration of the 
two-layer structure, respectively.  is the intermediate moment applied at the outer edge of the 
two-layer structure and a  is the radius of the PZT disk. 
2M
The outer part is actually a ring with outer edge fixed supported at br = , inner edge free. Its 
deflection at point B  relative to the supporting point  is 2O
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 Here  and 2sD 2ν  are the flexural modulus and the Poisson’s ration of the Pyrex, respectively. 
 is the intermediate moment applied at the inner edge of the ring structure and  is the radius 
of the whole Pyrex plate. 
1M b
The relationship between the two intermediate moments can be expressed as 
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From [51], the moment caused by actuation of the PZT is 
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Here U  is the voltage applied on the PZT disk and  is the total thickness of the pump actuator. 
,  represent the thickness of the PZT disk and the passive plate, respectively. ,  and 
 are the flexural modulus, Young’s modulus and the piezoelectric charge coefficient of the 
PZT, respectively.  is the Young’s modulus of the passive plate. 
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Therefore the maximum deflection of the pump actuator at point  can be calculated by O
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The deflection of the whole structure relative to the supporting point  can be summarized as 2O
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Also by satisfying the continuity condition Eq. (3.26), it is found that, 
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 Therefore the deflection of the whole structure can be rewritten as, 
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Same as the previous model, the volume change of the pump chamber can be determined using 
Eq. (3.3) and the final result can be expressed using Eq. (3.31). 
There are two major differences between this model and the previous model: the modeling of the 
bonding layer and the calculation of the moment caused by PZT actuation. Since the influence of 
the bonding layer is actually very small, the latter one is more critical. Both models did not give 
a theoretical solution to the deflection caused by pressure but included this deflection in the 
numerical analysis. 
 
 
3.1.2 Modified model for disk-type bending actuator 
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 Figure 33 Schematic of the PZT disk-type bending actuator model 
Based on the models introduced above, a modified theoretical model is developed to estimate the 
deflection of the disk-type bending actuator. The schematic of the disk-type bending actuator and 
its model is shown in Fig. 33. 
The following assumptions are made to simplify the modeling process: 
1. The whole structure is circumferentially symmetrical. 
2. The thickness of each layer is much smaller than its radius and the deformation is very 
small in comparison with the dimension of the structure. So the whole system can be 
considered as thin plates with small deflection (Three assumptions of the pure bending 
are satisfied [50]). 
3. The thickness of the bonding layer is small in comparison with the thicknesses of the 
PZT disk and the passive plate therefore the influence of the bonding layer on the 
deflection of the whole structure is neglected. 
4. The bonding between the PZT disk and the passive plate is perfect. 
5. The outer edge of the passive plate is fixed. 
As mentioned above, the deflection of the whole structure can be caused by two factors: the 
applied voltage across the PZT disk, U , and the pressure difference exerted on the whole 
structure, . And the evaluation of them will be carried out separately. p
Deflection caused by the applied voltage 
As for the deflection caused by the applied voltage, the model developed by [46] can be adopted 
here directly. Given that the material properties, dimensions and the applied voltage are known, 
this deflection is fully determined by Eqs. (31), (36) and (37). Here these equations are rewritten 
with the notations that will be used throughout the rest of the dissertation. 
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The intermediate moment caused by the actuation of the PZT is, 
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The deflection of the two-layer structure (the central part) is, 
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The deflection of the passive plate ring (the outer part) is, 
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Here U  is the voltage applied across the PZT disk;  is the piezoelectric charge coefficient;  
is the total thickness of the PZT disk and the passive plate; ,  are the thickness of the PZT 
disk and the passive plate, respectively; ,  are the Young’s modulus of the PZT disk and 
the passive plate, respectively; 
31d h
pzth ph
pztE pE
pztν , pν  are the Poisson’s ratio of PZT disk and the passive plate, 
respectively; ,  are the flexural modulus of the PZT disk and the passive plate, 
respectively; , 
pztD pD
eE eν , and  are the equivalent Young’s modulus, Poisson’s ratio, and flexural 
modulus of the two-layer structure, respectively. 
eD
The calculations of these equivalent material properties of the two-layer structure are as follows, 
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Here, 
hhChhC ppzt == 21 ,                                                   (3.48) 
Deflection caused by the pressure 
The deflection caused by the mechanical pressure difference is also calculated respectively for 
the two same sections: the central part and the outer part. By using the method of superposition, 
the established equations from [50] can be combined together to obtain the solution for this 
specific case. 
Under constant pressure difference , the deflection of the two-layer structure is,  p
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And the deflection of the passive plate ring is, 
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Here,  and  are two intermediate bending moments, of which 1M 2M
( ) ( )[ ]221 3116 abpM pp νν +−+=                                            (3.51) 
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Similar to the case of the deflection induced by the piezoelectric effect, the continuity of the 
deflection at ar =  is already satisfied in Eqs. (3.49-3.50). And the continuity condition of the 
slope of the deflection at ar =  can be used to determine the other moment . Due to its 
complexity, the equation of  is not listed here. 
2M
2M
 
 
 
 
3.2  DEFLECTION OF RING-TYPE BENDING ACTUATOR 
 
 
 
Figure 34 Schematic of the PZT ring-type bending actuator model 
The schematic of the ring-type bending mode actuator and its model is shown in Fig. 34. It also 
consists of three layers: PZT ring, bonding layer and passive plate. The same assumptions used 
in the modeling of the disk-type bending actuator can be applied here as well. Both the applied 
voltage and the pressure difference can cause the actuator to bend. 
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Deflection caused by the applied voltage 
Now for a close approximation, assuming the whole system is linear, the deflection of the ring-
type bending actuator can be obtained by subtracting the deflection of a smaller disk-type 
bending actuator from the deflection of a larger disk-type bending actuator. The radius of the 
smaller disk-type actuator is equal to the inner radius of the ring-type actuator and the radius of 
the larger disk-type bending actuator is equal to the outer radius of the ring-type bending 
actuator. Therefore, the deflection equations for the ring-type bending actuator can be written as, 
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 Here,  is determined by Eq. (3.42).  and  represent the inner and outer radius of the 
PZT ring.  represents the radius of the passive plate. The meanings of other parameters are the 
same as introduced in the analysis of the disk-type bending actuator. 
0M iR oR
pR
Therefore the whole deflection of the ring-type bending actuator is, 
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Deflection caused by the pressure 
Similar to the case of the disk-type actuator, the deflection induced by mechanical pressure can 
be determined by using the superposition method. Combining the established equations from 
[50] together, the deflections for the three different sections are, 
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Here, M ′  and M ′′  are two intermediate bending moments, of which 
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 The other two intermediate bending moments,  and , can be obtained by solving the 
continuity equations listed below. 
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                                              (3.61) 
Note that the continuity condition of the deflection is already satisfied in Eqs. (3.56-3.58). 
 
 
3.3 VOLUME CHANGE, FLOW RATE AND POWER CONSUMPTION 
 
 
After the total deflection is determined, Eq. (3.3) can be used to calculate the volume change of 
the pump chamber. 
For disk-type bending actuator, 
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For ring-type bending actuator, 
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Based on the previous derivations, it is known that the deflection caused by the piezoelectric 
effect, , is proportional to the applied voltage while the deflection induced by the 
mechanical pressure, , is proportional to the pressure difference. Therefore it can be easily 
shown that after the substitution of them into Eq. (3.3), the volume change can be expressed as, 
( )rwU
( )rwp
pkUkV pU +=∆                                                       (3.64) 
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 Both proportional coefficients,  and  are only determined by the dimensions and material 
properties of the pump actuator. The total volume change of the pump chamber consists of two 
parts: one is proportional to the applied voltage and the other is proportional to the pressure 
difference. In actual pump applications, the applied voltage can be easily controlled while the 
pressure inside the pump chamber is coupled with the deformation of the pump actuator and the 
flow resistance of the whole system. Numerical iteration methods can be used to determine the 
volume change of the pump chamber precisely. 
Uk pk
 
Figure 35 Comparison of the diaphragm deflections under 100 volts and 1 kPa separately 
If the pressure difference exerted on the pump actuator is only in the range of several kPa, the 
deflection caused by the pressure difference will be very small. Fig. 35 shows the comparison 
between the deflection under 100 volt of applied voltage and the deflection under 1 kPa of 
pressure difference for the disk-type bending actuator. The dimensions and material properties of 
the pump actuator used for this calculation are listed in Table 3. Under such circumstance, the 
effect of the pressure difference on the volume change can be neglected and an analytical 
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 solution can be obtained for the flow rate. To form a continuous flow, an alternating voltage has 
to be applied to the pump bending actuator. If the driving frequency is far lower than the 
resonance frequency of the pump actuator, U  can be substituted by ( )tU m ωsin  in the equations 
derived previously.  is the amplitude of the sinusoidal voltage applied on the piezoelectric 
plate and  
mU
ω  is the angular frequency. 
Table 3 Dimensions and material properties of the PZT disk-type bending actuator 
 Piezoelectric Disk Bonding Layer Passive Plate 
Materials PZT-5H Conductive Epoxy Stainless Steel 
Diameter (mm) 20 20 24 
Thickness (mm) 0.2 0.02 0.25 
Young’s Modulus (Pa) 10102.6 ×  91017.5 ×  111095.1 ×  
Poisson’s Ratio 0.31 0.3 0.3 
31d  (m/V) 10102.3 −×−    
T
33ε  (F/m) 810856.2 −×    
 
To estimate the net flow rate of the pump, the modeling of the nozzle/diffuser is also necessary. 
As mentioned before, these nozzle/diffuser elements can direct flow from inlet to outlet. They 
are geometrically designed to have a lower pressure loss in one direction than in the opposite 
direction for the same flow velocity. The characteristic of nozzle/diffuser element can be 
described as follows, 
ξρ 2
2
1 vp =∆                                                           (3.65) 
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 Here,  is the pressure loss through the nozzle/diffuser element, p∆ ρ  is the density of the fluid, 
 is the velocity of the fluid, and v ξ  is the pressure loss coefficient. And it can also be expressed 
in the form of flow rate Q , 
pCQ ∆=                                                            (3.66) 
Here,  is called conductivity coefficient. Two different flow directions correspond to two 
different  values. One is higher than the other. The conductivity coefficient in positive 
direction is represented by  and the conductivity coefficient in negative direction is 
represented by . Accordingly, there are also two different 
C
C
HC
LC ξ  values: the pressure loss 
coefficient in positive direction is represented by positiveξ  and the conductivity coefficient in 
negative direction is represented by negativeξ . 
As mentioned before, it is assumed that the effect of the pressure difference on the volume 
change is negligible and thus only the volume change induced by applied voltage is considered. 
Also assume that there is no pressure variance throughout each chamber so that the pressures of 
the pump chamber and the fuel chamber can be represented as  and  respectively. Given 
these assumptions, the equations derived by Ullmann [42] can be used to obtain the analytical 
solutions for the fuel flow rate and the pressure of the pump chamber. The pressure of the fuel 
chamber is set to be the atmospheric pressure. 
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The average net flow rate is given by 
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Since the electrical power used to drive the micropump comes from the fuel cell itself, it is 
necessary to estimate how much energy the micropump needs to consume. Electrically the 
bending piezoelectric actuator behaves like a planar capacitor. The electric capacitance under the 
given mechanical boundary condition is very complicated. In a similar case [52], the capacitance 
of a circular disk-type PZT actuator with clamped edges has been given by 
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 Here,  is the permittivity of the PZT disk.  is the elastic compliance of the PZT disk at 
constant electric field and  is the elastic compliance of the passive layer.  is the 
electromechanical coupling coefficient of the PZT disk. 
T
33ε Es11
ps 31K
ν  is the Poisson’s ratio. In [52] it is 
assumed that the Poisson’s ratio of the PZT disk is the same as that of the passive plate and the 
effect of the bonding layer on the capacitance is neglected. The equations for the other two 
parameters are: 
( ) .464, 21143112211311243111 EppztppEpztppEpztppEppztEpppzth shhhsshhsshhssshBshshS ++++=+=  (3.76) 
The term outside the parenthesis of Eq. (3.75) is actually the capacitance with free boundary 
condition. Using the dimensions and material properties of the piezoelectric actuator listed in 
Table 3 for calculation, it is found that the capacitance with clamped boundary condition is about 
30 percent less than the capacitance with free boundary condition. Although the boundary 
condition of the pump actuator in this study is not exactly the same as that of [52], the results of 
two cases should be close. For approximation the capacitance with free boundary condition is 
used here because the resultant estimation of the pump power consumption will be larger, which 
should be safer for the system design. The capacitance with free boundary condition is given by 
ceDis
AreatyPermittiviC
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×=                                                 (3.77) 
For the disk-type bending actuator, 
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For the ring-type bending actuator, 
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 Suppose the applied voltage is sinusoidal, that is 
( ) ( )tUtU m ωsin=                                                       (3.80) 
The current is then, 
( ) ( )
dt
tdUCti 0=                                                         (3.81) 
So the instantaneous power consumption is given by 
( ) ( ) ( tUCtUtiW melec ωω 2sin2
1 2
0== )                                         (3.82) 
It should be noted that as a capacitor, the piezoelectric actuator would store a large portion of the 
input electrical energy; therefore only part of the input energy can be converted into output 
mechanical energy for fuel delivery. The stored energy will remain in the driving circuit and will 
be used in next driving cycle. For the worst case, the maximum value of  is chosen to 
estimate the performance of the whole fuel cell system. Combining Eq. (3.73) and Eq. (3.82) by 
eliminating , we have 
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Here,  is the frequency of the driving voltage. f
As shown in Eq. (3.83), the maximum power consumption is proportional to the capacitance, 
, and the square of the average net flow rate, 0C Q . It is also inversely proportional to the 
driving frequency, , and the square of . The effect of the nozzle/diffuser element is 
represented by the coefficient, 
f Uk
η . The larger this coefficient is, the less the power consumption 
is. Both  and  depend on the dimensions and material properties of the pump actuator. 0C Uk
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3.4 SUMMARY 
 
 
In this chapter, first the theoretical equations have been established to calculate the deflection of 
the pump actuator. From the deflection, the volume change of the whole pump chamber is 
determined. Taking the characteristic of nozzle/diffuser into account, the pump flow rate can be 
determined under some simplifications. The power consumption of the micropump is estimated 
by considering the pump actuator as a capacitor. Finally, the relationships between the design 
parameters (material properties, dimensions) and the operation parameters (driving voltage, 
driving frequency, flow rate, and power consumption) are established. These relationships can 
help us design a micropump to meet the requirements of the fuel cell system. In the following 
chapters, the effects of the material properties and the dimension on the performance of the 
micropump will be investigated to find optimized design parameters. Also combining these 
theoretical results with selected fuel cell experimental data, the viability of the DMFC power 
system integrated with the micropump will be verified. 
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4.0 OPTIMIZATION OF MICROPUMP DESIGN 
 
 
 
 
Both the passive layer and the active layer of the micropump can be made of various materials. 
Also the thickness and the radius of each layer may be different. It is possible to optimize the 
micropump design based on the theoretical equations derived in the previous chapter. There are 
two objectives that can be used for optimization. One is the average net flow rate. If the driving 
voltage and its frequency are fixed, based on Eq. (3.73) a larger  is preferred so that a larger 
flow rate can be obtained. The other objective is the power consumption. It is shown in Eq. 
(3.83) that given the driving frequency and the flow rate, a larger 
Uk
0
2 CkU  is preferred so that the 
power required to drive the micropump is smaller. Both factors will be evaluated in the following 
analysis. 
 
 
 
 
4.1 DISK-TYPE BENDING ACTUATOR 
 
 
4.1.1 Verification by numerical simulation and experimental measurement 
 
 
It is necessary to verify the analytical solutions since many assumptions and simplifications have 
been made during the derivation. Here both numerical and experimental results are used to 
compare with the theoretical results for the disk-type bending actuator. The numerical results are 
obtained by using a commercial FEM package, ANSYS 6.1. Since the whole bending actuator is 
symmetric in circumferential direction, only a wedge-shaped part of it with fixing and symmetric 
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 boundary conditions is considered for the calculation [53]. A 3-D tetrahedral structural solid 
element type, Solid-92 is chosen to model the passive plate and a 3-D tetrahedral coupled-field 
solid element type, Solid-98 is chosen to model the PZT layer. The bonding layer is neglected. 
The total number of the elements in this model is 4938. The experimental data can be found 
available in [35]. The same dimensions and material properties listed in Table 4 are used for all 
the calculations here. The applied voltage is 50 V. 
Table 4 Dimensions and material properties of the PZT disk-type bending actuator in [35] 
 Piezoelectric Disk Bonding Layer Passive Plate 
Materials PZT-5A EPO-TEK H31 Pyrex Glass 
Diameter (mm) 5 5 6 
Thickness (mm) 0.2 0.02 0.5 
Young’s Modulus (Pa) 10107.6 ×  91017.5 ×  1010275.6 ×  
Poisson’s Ratio 0.31 0.3 0.2 
31d  (m/V) 10109.1 −×−    
T
33ε  (F/m) 8105937.1 −×    
 
Fig. 36 shows the numerical results obtained by ANSYS and the maximum deflection appears at 
the center of the structure. Note that the deflection distribution is actually different along the 
thickness direction because the 3-D elements are used in the program. 
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Figure 36 Deformation results of the PZT disk-type bending actuator using ANSYS 
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Figure 37 Comparison of the diaphragm deflections for the PZT disk-type bending actuator obtained by 
different methods (U=50V) 
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 Shown in Fig. 37 is the comparison of the deflection data obtained by three different methods. In 
general the three curves share the similar trend and the maximum deflection always appears at 
the center. However, there are some discrepancies. The theoretical deflection is the smallest 
while the numerical one is the largest. There are several possible reasons to explain the 
differences. First of all, the experimental conditions are somehow different from theoretical and 
numerical assumptions: the fabrication process may result in some residual stress or strain and 
the boundary conditions are not ideal fixed. Also the actual deformation of the bending actuator 
is three-dimensional, but the numerical result is two-dimensional and the theoretical result is 
only one-dimensional. Furthermore, there may be defections and nonuniformities in the materials 
used for experiments therefore the material properties won’t be very accurate. Nonetheless, both 
numerical and theoretical methods should be able to provide fair estimations. 
 
 
4.1.2 Effects of material properties 
 
 
The effect of Young’s modulus of both PZT disk and passive plate on the performance of the 
pump actuator is investigated. Shown in Fig. 38 is the variation of  when changing the 
Young’s modulus of the PZT disk (the other parameters are kept the same as listed in Table 4). It 
is found that the large the Young’s modulus of the PZT disk, the large the . Note that the unit 
of  is 
Uk
Uk
Uk Vm
3 , which basically means how much volume change can be obtained by applying 1 
volt of voltage across the PZT disk. As for the passive plate, the similar calculation can be done 
but the result (shown in Fig. 39) is opposite: the large the Young’s modulus of the passive plate, 
the smaller the . In both cases, Young’s modulus is varying from 30 GPa to 600 GPa, which 
covers almost all the possible pump fabrication materials such as glass, silicon, silicon nitride, 
Uk
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 and most metals. Since the capacitance is not related to the Young’s modulus, the variation trend 
of 0
2 CkU should be the same as that of . The Young’s modulus of the PZT materials does not 
change a lot so Fig. 38 just shows the variation trend. 
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Figure 38 Relationship between the proportional coefficient  and the PZT layer Young’s modulus  Uk pztE
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Figure 39 Relationship between the proportional coefficient  and the passive plate Young’s modulus  Uk pE
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4.1.3 Effects of structure dimensions 
 
 
Other important factors that can affect the performance of the micropump are structure 
dimensions including both radius and thickness. 
Fig. 40 gives the relationship among the PZT/passive plate radius ratio, , and Uk 0
2 CkU . It is 
shown that for both  and Uk 0
2 CkU  there exists an optimal PZT/passive plate radius ratio at 
which maximum value can be obtained. As for , the optimal PZT/passive plate radius ratio is 
about 0.8. Since increasing the radius of PZT disk will increase the capacitance, the optimal 
radius ratio for 
Uk
0
2 CkU  is a little bit smaller and around 0.7. By fixing this PZT/passive plate 
radius ratio, it is found that increasing the radius of the passive plate will increase both  and Uk
0
2 CkU . This is shown in Fig. 41. 
As shown in Fig. 42,  is decreasing when the thickness of the PZT disk is increasing. This is 
because the electric field applied to the PZT disk is increasing, but the electric field cannot 
exceed a certain limit or the PZT materials will be depolarized. Different from the case of , 
there exists an optimal thickness at which 
Uk
Uk
0
2 CkU is the largest. This is because the smaller the 
PZT disk thickness is, the larger the capacitance is. The value of this optimal thickness is about 
0.25 mm if the other parameters are as listed in Table 4. 
Now fixing the thickness of PZT disk, the relationship between the PZT/passive plate thickness 
ratios and , Uk 0
2 CkU can be obtained. From Fig. 43, it is shown that the optimal thickness ratio 
exits for both  and Uk 0
2 CkU . Since the capacitance is not related to the thickness of the passive 
plate, the values of both optimal thickness ratios are the same and about 0.4 in this case. 
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Figure 40 Coefficient  and Uk 0
2 CkU  at different PZT/passive plate radius ratio 
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Figure 41 Coefficient  and Uk 0
2 CkU  at different passive plate radius with fixed PZT/passive plate radius 
ratio 
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Figure 42 Coefficient  and Uk 0
2 CkU  at different PZT layer thickness 
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Figure 43 Coefficient  and Uk 0
2 CkU  at different passive/PZT layer thickness ratio with fixed PZT layer 
thickness 
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4.2 RING-TYPE BENDING ACTUATOR 
 
 
4.2.1 Verification by numerical simulation and experimental measurement 
 
 
Table 5 Dimensions and material properties of the PZT ring-type bending actuator 
 Piezoelectric Ring Bonding Layer Passive Plate 
Materials PZT-5H Conductive Epoxy Stainless Steel 
Inner Diameter (mm) 6.3 6.3  
Outer Diameter (mm) 19.11 19.11 25.4 
Thickness (mm) 0.32 0.056 0.254 
Young’s Modulus (Pa) 10102.6 ×  91017.5 ×  111095.1 ×  
Poisson’s Ratio 0.31 0.3 0.3 
31d  (m/V) 10102.3 −×−    
T
33ε  (F/m) 810856.2 −×    
 
For the ring-type bending actuator, numerical and experimental methods are also used to verify 
the theoretical model. As same as the case of disk-type bending actuator, the numerical results 
are obtained by using the commercial FEM package, ANSYS 6.1 to calculate a wedge-shaped 
part of the pump actuator with fixing and symmetric boundary conditions. A 3-D tetrahedral 
structural solid element type, Solid-92 is chosen to model the passive plate and a 3-D tetrahedral 
coupled-field solid element type, Solid-98 is chosen to model the PZT layer. The bonding layer 
is also neglected. The total number of the elements in this model is 2753. The experimental data 
77 
 are measured from a ring-type bending actuator fabricated in our lab. The dimensions and 
material properties of this lab-made actuator are listed in Table 5. The applied voltage is 100 V. 
Fig. 44 shows the numerical results obtained by ANSYS and the maximum deflection also 
appears at the center of the structure. And the deflection distribution is actually two-dimensional. 
The comparison of the deflection data obtained by three different methods is shown in Fig. 45. 
For both numerical results and experimental results, the maximum deflection appears at the 
center of the pump actuator. Theoretical results are closer to the experimental results although 
the maximum deflection doesn’t appear at the center. This probably means the linear 
approximation during the theoretical derivation doesn’t fit well with the real case. Also note that 
due to the imperfect clamping at the outer edge of the lab-made pump actuator, the experimental 
results don’t converge to zero at the boundary. Still both numerical and theoretical methods 
should be able to provide fair estimations. 
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Figure 44 Deformation results of the PZT ring-type bending actuator using ANSYS 
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Figure 45 Comparison of the diaphragm deflections for the PZT ring-type bending actuator obtained by 
different methods (U=100V) 
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4.2.2 Effects of material properties 
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Figure 46 Relationship between the proportional coefficient  and the PZT layer Young’s modulus  Uk pztE
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Figure 47 Relationship between the proportional coefficient  and the passive plate Young’s modulus  Uk pE
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 Fig. 46 and Fig. 47 illustrate how the material properties affect the performance of the ring-type 
bending actuator. The larger the Young’s modulus of the PZT disk is, the higher the  is. After 
the Young’s modulus of the PZT disk exceeds 400 GPa,  becomes stable. The opposite case is 
observed when changing the Young’s modulus of the passive plate. Increasing the Young’s 
modulus of the passive plate will reduce . In addition, because there is no connection between 
the capacitance and the Young’s modulus, the variation trend of 
Uk
Uk
Uk
0
2 CkU should be the same as 
that of . Uk
 
 
4.2.3 Effects of structure dimensions 
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Figure 48 Coefficient  and Uk 0
2 CkU  at different PZT/passive plate radius ratio 
In Fig. 48, the solid curves represent  (from top to bottom: Uk oi RR = 0.1, 0.2, 0.3 and 0.4) and 
the dot curves represent 0
2 CkU  (from top to bottom: oi RR = 0.1, 0.2, 0.3 and 0.4). So it is 
obvious that increasing the inner/outer radius ratio of the PZT ring will reduce both  and Uk
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 0
2 CkU . Increasing  will reduce the capacitance but will also reduce the deflection at the same 
time. As a whole, 
iR
0
2 CkU  is decreasing when  is increasing. Also can be observed is that there 
exists an optimal PZT/passive plate radius ratio for both  and 
iR
Uk 0
2 CkU . The optimal ratio for 
 (about 0.8) is larger than the optimal ratio for Uk 0
2 CkU  (about 0.7) because a larger PZT ring 
radius results in a larger capacitance. 
Keeping both the inner/outer radius ratio of the PZT ring and the PZT/passive plate radius ratio 
fixed, the curves of both  and Uk 0
2 CkU  as a function of the passive plate radius can be obtained. 
As shown in Fig. 49, increasing the radius of the passive plate will increase both  and Uk 0
2 CkU . 
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Figure 49 Coefficient  and Uk 0
2 CkU  at different passive plate radius with fixed PZT/passive plate radius 
ratio 
The effect of the thicknesses on the performance of the pump actuator is depicted in Fig. 50 and 
Fig. 51. The optimal thickness of the PZT ring exists for both  and Uk 0
2 CkU . Since a smaller 
PZT ring thickness leads to a larger capacitance, the value of the optimal PZT ring thickness for 
0
2 CkU  (about 0.25 mm) is large than the value of the optimal thickness for  (about 0.1 mm).  Uk
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Figure 50 Coefficient  and Uk 0
2 CkU  at different PZT layer thickness 
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Figure 51 Coefficient  and Uk 0
2 CkU  at different passive/PZT layer thickness ratio with fixed PZT layer 
thickness 
 
 
 
 
 
83 
 By keeping the thickness of the PZT ring fixed, it can also be found that the optimal PZT/passive 
plate thickness ratio exits for both  and Uk 0
2 CkU . Since the thickness of the passive plate won’t 
affect the capacitance, the values of both optimal thickness ratios are the same and about 0.3 in 
this case. 
 
 
 
 
4.3 SUMMARY 
 
 
The theoretical models of both the disk-type bending actuator and the ring-type bending actuator 
are compared with the numerical and experimental models. Although certain differences exist 
between the analytical solutions and the results obtained by other methods, it is still possible to 
acquire a fair estimation of the pump performance using the theoretical models. The effects of 
material properties and dimensions on the flow rate and power consumption of the micropump 
are investigated theoretically. The following principles for the design of the micropump can be 
summarized: 
1. For the micropump using either disk-type bending actuator or ring-type bending actuator, 
increasing the Young’s modulus of the PZT disk or decreasing the Young’s modulus of the 
passive plate will be favorable for both flow rate and power consumption. This means the 
flow rate will be higher and the power consumption will be smaller. However the 
relationships between the material properties and the performance of the micropump are not 
linear. Once the material properties exceed certain limit, the influence on the pump 
performance will become insignificant. 
2. Although the electrical field strength is larger when the thickness of the PZT disk is smaller, 
the pump performance using a thinner PZT layer is not always better. For both disk-type and 
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 ring-type, there exists an optimal PZT layer thickness at which the power consumption is the 
smallest. As for the flow rate, an optimal PZT layer thickness exists for the ring-type but not 
for the disk-type. The ring-type optimal PZT layer thickness for the flow rate is smaller than 
that for the power consumption. As for the disk-type, theoretically the smaller the PZT layer 
thickness, the larger the flow rate. But note that the existence of the maximum allowable 
electrical field strength will impose a limit on the thickness of the PZT layer. 
3. If the thickness of the PZT layer is fixed, an optimal passive/PZY layer thickness ratio can be 
found for both disk-type and ring-type. Also for both flow rate and power consumption, this 
optimal value of each type is the same because the capacitance doesn’t vary with the 
thickness of the passive plate. 
4. In the disk-type case, if the radius of the passive plate is fixed, an optimal PZT/passive plate 
radius ratio exists for both flow rate and power consumption. Since larger PZT disk radius 
results in large capacitance, this optimal radius ratio for the power consumption is smaller 
than that for the flow rate. If the PZT/passive plate radius ratio is fixed, increasing the 
passive plate radius will increase the flow rate and reduce the power consumption. 
5. In the ring-type case, by keeping both passive plate radius and PZT ring outer radius fixed, it 
can be found that a smaller PZT ring inner radius is preferred for both flow rate and power 
consumption. If the inner/outer PZT ring radius ratio is fixed, an optimal PZT/passive plate 
radius ratio can be observed. This optimal radius ratio for the power consumption is also 
smaller than that for the flow rate. If all the radius ratios are fixed, increasing the passive 
plate radius will increase the flow rate and reduce the power consumption. 
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5.0 EXPERIMENTAL CHARACTERIZATION OF MICROPUMP 
 
 
 
 
5.1 FABRICATION OF MICROPUMP PROTOTYPE 
 
 
Material: Hard Plastic
The opening angle of the nozzle and 
the diffuser should be about 10¡ ã   
Nozzle and Diffuser
 
Figure 52 Design graph of the micropump housing 
 
Figure 53 Photo of the piezoelectric valveless micropump prototype 
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 Based on the previous analysis, the micropump prototype is fabricated in our lab. The material 
properties and dimensions of this prototype are listed in Table 5. Not all of the design parameters 
of the prototype are optimal due to the limitations of the experimental conditions and the 
available materials. To fabricate the thin PZT ring, first a PZT ring with a thickness of 0.8 mm is 
cut from a thicker PZT ring using the dicing saw, and then this PZT ring is grinded to the 
specific thickness. After that, the top and bottom surfaces of the PZT ring are coated with thin 
gold electrode layer using a sputter coater device. The thin stainless steel disk is bought from 
McMaster-Carr Supply Company. The PZT ring is bonded onto the stainless steel disk using 
epoxy. Two very thin bare copper wires are connected to the two electrodes of this ring-type 
bonding actuator using conductive epoxy. The pump housing is made of hard transparent plastic 
material by machine shop. By bonding the ring-type bending actuator onto the pump housing 
with epoxy, the valveless piezoelectric micropump is finally obtained. Fig. 52 shows the top and 
cross section of the pump housing. Fig. 53 is the photo of this micropump prototype. 
 
 
 
 
5.2 EXPERIMENTAL SETUP 
 
 
The experimental setup is illustrated in Fig. 54. First, a voltage signal (DC or sinusoidal) is 
generated from a function generator (Stanford Research Systems Model DS345) and enlarged by 
passing through a power amplifier (AVC Instrumentation 790 Series). Then the enlarged voltage 
signal is applied to the micropump actuator. A multimeter (FLUKE 45 Dual Display Multimeter) 
is used to monitor the applied voltage signal. The deflection of the micropump diaphragm is 
detected by a fiber optical detection system (MTI 2000 Fotonic Sensor). Another device that is 
not shown in the figure is an oscilloscope (Tektronix TDS 3032), which can measure the original 
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 voltage signal from the function generator and the response signal from the fiber optical sensor. 
To measure the water flow rate of this micropump, two water containers are connected to the 
inlet and outlet of the micropump separately. By measuring the movement the water surface 
inside the containers with respect to time, the average flow rate and the corresponding pressure 
head can be obtained. In addition, the impedance and the frequency response of the micropump 
can be measured by connecting the two electrodes of the micropump actuator to an impedance 
analyzer (Agilent 4294A or Gamry Electrochemical Measurement System). 
 
Figure 54 Experimental setup for the micropump measurement 
 
 
 
 
5.3 RESULTS WITHOUT LIQUID LOADING 
 
 
The deflection and the frequency response of the micropump prototype are first measured 
without liquid loading. As shown in Fig. 55, the relationship between the center deflection of the 
prototype (without liquid loading) and the applied DC voltage is almost linear. This linear 
relationship is also predicted by the theoretical analysis although certain difference exits between 
88 
 the values of the experimental results and that of the theoretical results. Basically, increasing the 
applied voltage will increasing the applied electrical field, therefore the deflection and the 
volume displacement will increase as well. However, the applied electrical field cannot exceed a 
certain limit or the PZT material will be depolarized. This limit of the PZT-5H used in our 
prototype is about 8 kV/cm and for a PZT ring with a thickness of 0.3 mm the maximum applied 
voltage should be around 240 V. Higher driving voltage also brings larger power consumption. 
Fig. 56 shows the same linear relationship between the center deflection and the applied AC 
voltage. The applied AC voltage is sinusoidal and the frequency is 100 Hz. Note that the x-
coordinate is the RMS (root mean square) value so the corresponding deflection is much larger. 
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Figure 55 Measured center deflection of the micropump diaphragm under different applied DC voltage 
(without liquid loading) 
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Figure 56 Measured center deflection of the micropump diaphragm under different applied AC voltage 
(without liquid loading) 
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Figure 57 Measured deflection distribution of the micropump diaphragm under applied DC and AC voltage 
(without liquid loading) 
The deflection distribution along the radius is shown in Fig. 57. Both DC and AC voltage gives 
the similar curve. The maximum deflection appears around the center then decreases when radius 
increases. Since the bonding process is not perfect, the deflection measured does not reach zero 
at the outer edge. The comparison of the deflection distribution curves obtained by different 
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 methods is shown earlier in Fig. 45. In general, all the deflection curves show the similar 
variation trend and quantitatively the theoretical result is closer to the experimental result. 
The other important factor that can influence the performance of the pump is the driving 
frequency. For the case without liquid loading, two methods are used to measure the frequency 
response of the pump actuator: One is to measure the center deflection under different driving 
frequency and the other is to measure the impedance spectroscopy of this actuator. For 
comparison, the numerical results are also obtained by using the commercial FEM package, 
ANSYS 6.1. As shown in Fig. 58, the first resonant frequency appears at several kHz where the 
deflection reaches the maximum value. Both resonant frequencies obtained by experimental 
methods are very close while the resonant frequency obtained by ANSYS is much larger. 
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Figure 58 Frequency response of the micropump obtained by different methods (without liquid loading) 
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5.4 RESULTS WITH LUQUID LOADING 
 
 
Since the micropump is specifically designed for driving methanol water solution as fuel for the 
DMFC power system, it is very important to investigate the pumping performance in the 
operation with liquid loading. Here water is used as working fluid whose property is quite close 
to that of the methanol water solution. Concerning the self-priming capability and bubble 
tolerance, there is a design criterion for the minimum compression ratio of a micropump [72]. 
During the fabrication of the micropump prototype, the thickness of the pump chamber is made 
as small as possible but the compression ratio is still much smaller than the theoretical criterion. 
To solve this problem, a mini pump is used to fill the micropump with water and it turns out that 
the gas inside the pump chamber can be driven out quite easily. The details about this mini pump 
will be introduced later. 
As shown in Fig. 59, for the case with water loading, the relationship between the center 
deflection and the applied voltage is also linear. In this measurement, the applied voltage is 
sinusoidal and the driving frequency is 200 Hz. The frequency responses of the micropump with 
water loading are also evaluated by both center deflection and impedance spectroscopy. From 
Fig. 60, it is found that the results obtained by both methods are very close and the resonance 
frequency is about 200 Hz, which is far less than the case without water loading. 
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Figure 59 Measured center deflection of the micropump diaphragm under different applied AC voltage (with 
liquid loading) 
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Figure 60 Frequency response of the micropump obtained by different methods (with liquid loading) 
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Figure 61 Measured flow rate versus pressure head (water as working fluid) 
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Figure 62 Measured pressure head at zero flow rate versus driving frequency (Vrms=100V) 
The results of the water flow rate measured under different pressure head are shown in Fig. 61. 
The larger flow rate corresponds to the lower pressure head. Using this micropump, a flow rate 
of 5 ml/min at 1 kPa can be delivered when applying a 100 V voltage with a driving frequency of 
200 Hz. The maximum value of the measured capacitance is about 8.22 nF and it can be 
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 estimated that the maximum power consumption should be around 50 mW. The pressure head of 
the micropump at zero volume flow rate is measured when the actuation frequency is changing. 
Shown in Fig. 62, the similar resonance frequency is found to be around 200 Hz. 
 
 
 
 
5.5 SUMMARY 
 
 
A valveless piezoelectric micropump prototype has been fabricated and tested in our lab. A 
linear relationship between the deflection and the applied voltage is found for both the case with 
liquid loading and the case without liquid loading. This experimental result fits well with the 
theoretical analysis introduced earlier. The frequency response of the micropump has also been 
measured and it is observed that at the resonance frequency the deflection reaches the maximum 
value. The value of the resonance frequency obtained by impedance measurement is very close 
to that obtained by deflection measurement. The resonance frequency of the case without liquid 
loading is close to 3 kHz while the resonance frequency of the case with liquid loading is much 
smaller and around 200 Hz. Since large deflection leads to large flow rate, the best performance 
can be obtained by driving the micropump at the resonance frequency. Actuated by a 100 V 
voltage at 200 Hz, the micropump prototype can supply a 5 ml/min of water flow rate at 1 kPa. 
With this micropump prototype, the performance of the DMFC device driven by micropump can 
be investigated. 
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6.0 PERFORMANCE ANALYSIS OF DMFC DRIVEN BY MICROPUMP 
 
 
 
 
As mentioned earlier, among various types of fuel cells, PEMFC and DMFC are applicable for 
the portable electronics due to their low operation temperature. In comparison with DMFC, 
PEMFC device that uses directly hydrogen as fuel has a better performance but suffers from the 
storage problem of hydrogen. So far the storage and transportation of hydrogen are still not cost 
effective for commercial applications. And the fuel cell with a reformer to convert the liquid fuel 
to hydrogen gas is also less favorable because it increases the complexity of the system 
integration and generates undesired byproduct (carbon monoxide, CO) during the reforming 
process. Therefore DMFC using liquid methanol solution as fuel directly is much more 
straightforward and attractive. 
To optimize a miniaturized DMFC power system, many engineering issues need to be 
considered, which includes thermal management, water management, methanol crossover, fuel 
delivery, oxidant supply, and power conditioning. The research here mainly focuses on the fuel 
delivery. For medium and large size DMFC, conventional pumps can be used to drive the fuel 
flowing through the fuel cell. For miniaturized DMFC, the flow rate of fuel is very small and 
there are several options for fuel delivery. Some researchers [54] have presented a pump-less and 
self-activated design of DMFC stack, in which gravitational and capillary forces were used to 
feed the liquid methanol solution. By their calculation, the fuel supply rate was adequate for 
acceptable performance. This design was quite interesting and simple but no experimental results 
were reported. In addition, the fabrication of the DMFC stack seems to be very complicated. The 
96 
 more general way is to choose a micropump. It is reported that peristaltic pumps were used in the 
experimental study of DMFC [55, 56]. The flow rate of fuel varied from less than 1 ml/min to 5 
ml/min and the active cell area ranged from 9  to 25 . The operation performance of 
their fuel cell systems was in the acceptable range. Therefore it seems to be more practical and 
easier to employ a micropump for fuel delivery. 
2cm 2cm
The idea to design a miniaturized DMFC power system driven by piezoelectric valveless 
micropump has been introduced earlier. This type of micropump is easy to fabricate, easy to 
control, and the power consumption can be very small for an optimal design. Both theoretical 
and experimental researches on the performance of this micropump have been presented in the 
previous chapters. In this chapter, the performance of the whole system combining DMFC with 
micropump will be discussed. 
 
 
 
 
6.1 ANALYTICAL ANALYSIS 
 
 
To analyze the performance of DMFC with a micropump fuel delivery system, a theoretical 
model describing the relationship between the flow rate of the liquid fuel and the fuel cell 
characteristic J-V curve would be more convenient. Here, for simplicity, some appropriate 
experimental data from literature are chosen to discuss the performance of fuel cells. 
Up to now some experimental data have been reported about the performance of DMFC under 
different operation conditions. For example, a single cell (7.6 ) performance was evaluated 
over the range of 60-120 
2cm
oC with methanol concentrations of 0.5-4.0 M, flow rates of 9 ml/min, 
and an oxygen saturation of 105 sccm [57]. A current density of 230  at 0.55 V was 
obtained from 2.5 M methanol. The DMFC experiments under air operation at low over pressure 
2/ cmmA
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 were conducted [58]. A current density of 100  and a 0.5 V voltage at 80 2/ cmmA oC was 
observed from 0.5 M methanol. The electrode area of their experimental cells was 3 . An 
optimum methanol concentration of 2 M for a 20  single cell under 110 
2cm
2cm oC was also reported 
[59]. The current density and the corresponding cell voltage were in the similar range as in [58]. 
The experiment results presented in [60] indicated that there is a complex relation between the 
effect of flow velocity and the influence of the production rate of CO2. 
The latest experimental data on DMFC can be found in [61]. A series of J-V characteristic curves 
were measured for a single fuel cell assembly (5 ) operating under different operation 
temperatures (80, 60 and 40 
2cm
oC), different methanol flow rates (5, 0.5 and 0.15 ml/min), and 
different methanol concentrations (2, 1 and 0.5 M). The performance analysis that will be 
discussed later is mainly based on this group of data. From the data obtained, it is found that at 
low current density (less than 100 ), the influence of changing methanol concentration 
(from 0.5 M to 2 M) on the characteristic J-V curve of DMFC is not significant. The same 
phenomenon is also observed from the experimental data obtained by other researchers. 
Therefore, in the design presented in this dissertation, initially a 2 M methanol solution can be 
filled into the chambers. During the operation, the concentration of the methanol solution will 
decrease due to the fuel consumption. But the performance of the fuel cell won’t drop too much 
if the current density is not very high and the methanol concentration is still larger than 0.5 M. A 
certain range of methanol concentration can be maintained through continuous fuel flow from 
the fuel supply manifold. 
2/ cmmA
Fig. 63 shows the experimental data of a single fuel cell running at 40 oC. The concentration of 
methanol solution is 1 M. This specific data are chosen for calculation because the operation 
temperature is very close to that of the commercial applications and the concentration is in the 
98 
 middle region. Based on Fig. 63, the power density can be calculated as shown in Fig. 64. The 
maximum value is reached when the current density is around 120  and the cell voltage 
is around 0.35 V. If our design is set to be running under this condition, for a 1 W fuel cell 
assembly, the active area needed is then 25  (5 cm by 5 cm) and the total current is about 3 
A. 
2/ cmmA
2cm
 
Figure 63 Selected experimental J-V data of a single fuel cell at different fuel flow rate [61] 
 
Figure 64 Calculated power density of a single fuel cell at different fuel flow rate 
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 The next thing we need to know is the least fuel flow rate required under this operation 
condition. As well known, the electrochemical reactions of a DMFC are: 
Anode Reaction:                           (6.1) −+ ++→+ eHCOOHOHCH 66223
Cathode Reaction: OHeHO 22 3662
3 →++ −+                                  (6.2) 
Overall Reaction: OHCOOOHCH 2223 22
3 +→+                              (6.3) 
As shown in the above equations, ideally 1 mol Methanol will react with 1 mol of water and 
generate 6 mols of electrons. Therefore, the relation between the total generated current and the 
flow rate of consumed methanol solution can be described as 
FDQI M ×××= 6                                                        (6.4) 
Here,  is the mol density of the methanol solution and MD F  is Faraday’s constant (96485 
C/mol). Based on Eq. (6.4), for 1 M methanol, the least fuel flow rate required is approximately 
0.31 ml/min. 
The material properties and the dimensions of the micropump actuator used in our design are 
listed in Table 5. As mentioned before, there are two different designs of nozzle/diffuser 
elements that can be used to direct the flow. For the first design, the small opening angles are 
small (normally less than 20o) and the diffuser direction is the positive flow direction. For the 
second design, the opening angle is 70.5o and the positive flow direction is in the converging 
wall direction. In the theoretical analysis, a conical nozzle element with sharp inlet and outlet is 
chosen because the performance is not the best and the estimation should be safe. The opening 
angle of this nozzle is 70.5o. The minimum diameter is 1 mm and the maximum diameter is 3.15 
mm. By following the same analysis method presented in [33], positiveξ  and negativeξ  of this nozzle 
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 are found to be 1.005 and 1.46 respectively. The ratio of the pressure loss coefficients, η  is then 
about 1.45. Since the dimensions and materials of the pump actuator and nozzle/diffuser 
elements have been determined, the actuation voltage needed to meet the specific flow rate 
requirement can be calculated by Eq. (3.73). For example, given the actuation frequency is 100 
Hz and the fuel flow rate is 1 ml/min,  is then equal to 71 V. By using Eq. (3.83), the 
maximum electrical power consumption is about 70 mW, which is 7% of the total power 
produced by fuel cell. Comparing with a similar micropump [34] that can provide a water flow 
rate up to 1 ml/min while consume approximately 50 mW power, this estimation is not far away 
from the real case. Furthermore, some methods that will be discussed later can be applied to 
decrease the power consumption of the micropump. 
mU
Fig. 65 shows the net output power by subtracting the power consumed by the piezoelectric 
pump from the total power generated by fuel cell under different operation conditions at a 
driving frequency of 100 Hz. Data from Fig. 63, which was obtained from the experiments on a 5 
cm2 fuel cell, are used for calculations. So the results may not be precise but the trend should be 
similar. The negative output power means that the power generated by fuel cell is not enough to 
drive the micropump. It is obvious that the fuel flow rate of 0.5 ml/min is preferred. 
From Eq. (3.83), it can be found that increasing the driving frequency while maintaining the 
same flow rate can reduce the electrical power consumption of the piezoelectric micropump. Fig. 
66 shows the output power curves at a driving frequency of 200 Hz. The fuel cell performance at 
the fuel flow rate of 5 ml/min is improved but the net power output is still too small. The other 
way to achieve a high flow rate with a reasonable net power output is using two micropumps 
connected in parallel. 
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 The performance of two micropumps with a flow rate of 2.5 ml/min each is also shown in Fig. 
65 and Fig. 66, which is much better than that of one micropump with a flow rate of 5 ml/min. 
However the tradeoff is that the material cost and the system complexity are increased. 
 
Figure 65 Net power output under different operation conditions (Actuation frequency = 100Hz) 
 
Figure 66 Net power output under different operation conditions (Actuation frequency = 200Hz) 
When the driving frequency is equal to the resonance frequency, the displacement of the 
diaphragm will reach the maximum value. After that, to increase the driving frequency further 
won’t improve the pump performance. Also it should be noted that during the high frequency 
range (close to the resonance frequency), our quasi-static model may not be applicable and a 
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 dynamic model need to be established. Other than a higher driving frequency, larger  and 31d η  
values are also preferred. Smaller dielectric permittivity  of piezoelectric material 
corresponds to smaller power consumption. The effects of dimensions of the micropump actuator 
have already been discussed in earlier chapter. 
T
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6.2 EXPERIMENTAL ANALYSIS 
 
 
Due to the limitation of the resources and time available, a prototype of the miniaturized DMFC 
power system integrated with micropump has not been finished yet. But separate DMFC device 
and micropump prototype are available and some useful experimental data can be collected. 
Fig. 67 is a photo of the DMFC device tested in our lab. This fuel cell is made of a Nafion® 
membrane layer sandwiched by two electrode layers with catalysts deposited on them. The 
methanol water solution is pumped into the anode side while the cathode side is exposed to air 
through meshed plate. The dimension of this device is about 80 x 80 x 20 (mm). The photo of the 
micropump prototype fabricated in our lab is shown earlier in Fig. 53. The pump actuator is 
made of two layers bonding together: one is a circular stainless steel plate; the other is a PZT-5H 
ring. The dimension of the micropump is about 50 x 50 x 9 (mm). Besides the micropump 
prototype, a peristaltic mini pump has been used to drive fuel into the DMFC device. And it has 
also been applied to fill the micropump prototype with liquid. The flow rate of this mini pump is 
variable between 0.03 and 8.2 ml/min. The dimension of it is 168 x 120 x 115 (mm). The 
average power consumption of this pump is about several watts. Its photo is shown in Fig. 68. A 
KEITHLEY 239 High Current Source Measure Unit is used to measure the characteristic curve 
of the DMFC device. 
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Figure 67 Photo of the DMFC device used in the experiments 
 
Figure 68 Photo of the peristaltic variable flow mini pump 
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6.2.1 Performance of the DMFC device without pump 
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Figure 69 Measured characteristic curves of the DMFC device using different concentration of methanol 
water solution 
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Figure 70 Calculated power of the DMFC device using different concentration of methanol water solution 
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 Fig. 69 shows the characteristic data of the DMFC device operating at room temperature with 
different fuel concentration. Also the fuel flow rate is equal to zero so the fuel is simply 
circulated by gravitational force. Since this DMFC device uses a meshed plate with complicated 
structure at the cathode side, it is very difficult to estimate the effective area for electrochemical 
reaction and the x-coordinate of the figure is current not current density. When the current is 
relatively larger, a steep performance drop can be observed for the cases using low and medium 
concentration of methanol water solution. 
 
 
6.2.2 Performance of the DMFC device driven by mini pump 
 
 
Fig. 71 and Fig. 72 show the comparison between the performance of DMFC running with a 5 
ml/min fuel flow rate and the performance with no forced fuel supply. Here the mini pump is 
used to supply the fuel flow rate. The concentration of the methanol water solution is 1 M and 
the experiments are running at room temperature. A significant performance enhancement is 
observed for the case with 5 ml/min fuel flow rate. The maximum applicable current is increased 
and the maximum power is increased as well. This means that a forced fuel supply is necessary 
to improve the performance of the DMFC. The possible reasons for this performance 
enhancement includes avoidance of fuel depletion alone the anode surface, smaller resistance of 
the diffusion of methanol from bulk solution to the reaction interface, and better removal of 
carbon dioxide bubbles from the anode surface. From Fig. 72, it is found that the maximum 
power output of the fuel cell driven by mini pump is close to 50 mW. It is roughly estimated that 
the power consumption of this pump is in the range of several watts to tens of watts. With the 
similar range of power output, the portable fuel cell power system can not sustain the operation 
of such pump by itself. Also the dimension of such pump is too large to make a compact system. 
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Figure 71 Measured characteristic curves of the DMFC device driven by mini pump 
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Figure 72 Calculated power of the DMFC device driven by mini pump 
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6.2.3 Performance of the DMFC device driven by micropump 
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Figure 73 Measured characteristic curves of the DMFC device driven by micropump 
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Figure 74 Calculated power of the DMFC device driven by micropump 
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 Fig. 73 and Fig. 74 show the comparison between the performance of DMFC driven by the 
micropump prototype and the performance with no forced fuel supply. The driving voltage is 
100 V and the driving frequency is about 200 Hz. The operation conditions are the same as the 
previous experiments but the fuel cell performance deteriorates a little bit due to the degradation 
of the materials. A significant performance enhancement can also be observed by using the 
micropump to supply fuel. Shown in Fig. 72, the maximum power output of the fuel cell driven 
by the micropump is also close to 50 mW. And the power consumption of the micropump is in 
the range from 50 mW to 70 mW based on the theoretical calculation and experimental 
measurement presented in previous chapters. Although this means that the DMFC device used in 
this study still can not support the operation of the micropump prototype, it is possible to use the 
micropump in a DMFC portable power system with higher power output. Furthermore, as shown 
in the design introduced in Chapter 2, the micropump can be easily integrated with the fuel cell 
so the whole system can be very compact. Based on the previous theoretical analysis, the power 
consumption of the micropump can be further decreased to make it more applicable. 
 
 
 
 
6.3 DISCUSSION AND SUMMARY 
 
 
A lot of factors can affect the actual performance of a DMFC such as temperature, pressure, 
MEA materials, fuel cell structure and configuration, fuel supply, oxidant supply, water 
management, carbon dioxide removal and etc. Here some detailed discussions are given based on 
the fuel cell performance measurement presented in the previous chapters. 
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6.3.1 Open circuit voltage (OCV) of DMFC 
 
 
Based on Eq. (6.3), the ideal cell potential of the DMFC can be determined by the Nernst 
Equation: 
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Here, 0E  is the ideal standard potential for cell reaction. R  is the universal gas constant. T  is 
the Kelvin temperature.  is the Faraday’s constant.  represents the partial pressure of the 
oxygen and  represents the partial pressure of the carbon dioxide. Using Eq. (6.5), the ideal 
cell potential of the DMFC is about 1.21 V under our experimental condition. 
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According to [73], in the absence of applied current, the open circuit voltage (OCV) is: 
xoverEOCV η−=                                                          (6.6) 
Here, xoverη  is the potential loss due to the methanol crossover through the membrane. 
The actual fuel cell voltage can be expressed as, 
diffohmactdiffohmactxover OCVElossesEV ηηηηηηη −−−=−−−−=−=              (6.7) 
The OCV measured from our experiments varies between 0.6 and 0.7 V so the loss is pretty high. 
Note that not all of the loss comes from the methanol crossover as shown in Eq. (6.6). By 
comparing with the experimental data from [61], some of the loss is caused by the existence of a 
very small leakage current. Although this leakage current is very small, the loss is still very 
significant because the activation loss of the DMFC is high. More detail research is required to 
verify the loss due to methanol crossover and the loss due to the leakage current. 
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6.3.2 Influence of pumping 
 
 
Based on the experimental data, it is concluded that the performance of the DMFC can be 
improved by adding a pumping flow through the anode. The reasons for this may include 
avoidance of the fuel depletion, decreased diffusion resistance, and removal of the carbon 
dioxide. 
During the operation of the DMFC, the methanol will be consumed by the electrochemical 
reaction happens along the anode side and the concentration will diminish. A forced fuel flow 
can circulated the fuel solution and provide fresh fuel to reaction site. 
Also in fuel cell reaction, the concentration of the bulk solution and concentration of the solution 
at the anode interface are different. The methanol has to diffuse from the bulk solution to the 
anode/catalyst interface and the carbon dioxide has to migrate back to the bulk. In this process, 
diffusion resistance exists and the disturbance of the bulk solution due to the pumping can 
minimize this resistance. 
The last factor, the removal of carbon dioxide is also very important to the performance of the 
DMFC. When the current is drawing out along the surface of the anode, the carbon dioxide will 
be generated at the same time. The size of the carbon dioxide bubbles will continue to grow if 
they are not removed from the anode surface. So when the reaction continues, more surfaces will 
be occupied by the carbon dioxide bubbles and the performance will deteriorate. A forced fuel 
flow can carry these carbon dioxide bubbles away when the size of them is still small. There 
exists a relationship between the flow rate and the size of the gas bubbles that can be removed 
with the flow. By calculating the buoyancy force of the gas bubble and the drag force by the 
fluid, some theoretical model can be developed to describe this problem. In our experiments, the 
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 anode side of the DMFC devices is covered with a transparent glass plate therefore the formation 
of the carbon dioxide bubbles can be visually observed. For the operations without pump, there 
are a lot of gas bubbles clinging to the anode surface when the current density is high or the 
operation time is long. With the help of pump, some of the bubbles can be removed and the 
accumulation of the bubbles at the anode surface is stable. 
 
 
6.3.3 Summary 
 
 
The performance of the DMFC driven by micropump has been investigated theoretically and 
experimentally. Results show that the idea is solid and the DMFC performance can be improved 
by using micropump. Possible reasons for this improvement are discussed. However, further 
research is still required to establish some quantitative relationship between the fuel cell 
performance and the micropump operation. Based on this relationship, it is possible to design 
and choose proper micropump for specific fuel cell power systems. In the next chapter, to 
improve the understanding of this complicated problem, electrochemical impedance 
spectroscopy (EIS) analysis method will be used. 
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7.0 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) ANALYSIS 
 
 
 
 
7.1 INTRODUCTION 
 
 
During the research and development of the miniaturized DMFC power system driven by 
piezoelectric valveless micropump, it is found that many factors can influence the actual 
performance of the fuel cell and impedance analysis can be a very useful tool to reveal the 
effects of these factors. 
Impedance is a complex resistance encountered when a current flows through an electrical 
element. Impedance includes both magnitude and phase shift: 
( φφ sincos0 jZ )I
VZ +==                                                 (7.1) 
The electrochemical impedance spectroscopy (EIS) technique is based on the analysis of current 
response to small sinusoidal voltage perturbations, which is applied for a given frequency range 
from hundreds of KHz to the mHz scale. With EIS data, a complete description of an 
electrochemical system is possible. EIS is used in many areas of electrochemistry such as 
electrolytic process, corrosion, batteries and fuel cells. Data gathered by EIS can be used to 
extract information about transport properties, reaction kinetics, reaction mechanisms and ohmic 
losses. 
Fig. 75 shows the example of an electrochemical reaction and its equivalent circuit. In (a), the 
oxidants with positive charges diffuse toward the electrode with negative charges. At the 
interface between the solution and the electrode the oxidants accept electrons and become 
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 neutral. Then the neutral reaction products diffuse back to the bulk solution. IHP and OHP are 
the inner and outer Helmholtz planes, respectively. The total impedance of this electrochemical 
reaction can be described by the equivalent circuit shown in (b).  
 
Figure 75 A simple electrochemical reaction and its equivalent circuit 
sR  represents the solution resistance, which depends on the ionic concentration, type of ions, 
temperature and the geometry of the area in which current is carried.  represents the double 
layer capacitance. Because the charges in the electrode are separated from the charges of the ions 
in the solution, an electrical double layer forms at the interface between the electrode and its 
surrounding electrolyte. This double layer capacitance depends on the electrode potential, 
temperature, ionic concentrations, type of ions, and etc.  is the polarization resistance. When 
the potential of an electrode is not equal to its value at open circuit, it can cause current to flow 
as a result of the electrochemical reactions occur at the electrode/electrolyte interface. The value 
of this current depends on the kind of the reaction, temperature, the concentration of the reaction 
products and the potential. The diffusion also creates impedance, which is called the Warburg 
impedance, . This impedance depends on the frequency of the potential perturbation. At high 
dC
pR
W
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 frequencies the Warburg impedance is small since diffusion reactants don’t have to move very 
far. At low frequencies the reactants have to diffuse farther and therefore the Warburg 
impedance is increasing. It is always difficult to calculate these impedance elements directly. 
Instead, they are often determined by fitting the equivalent circuit model with the experimental 
EIS data. 
Fuel cell reactions are also electrochemical reactions and therefore EIS technique can be applied 
to the fuel cell research. An early review of the applications of EIS technique in MCFC, PAFC, 
SOFC and PEMFC has been presented in 1993 [62]. As reported by this review, EIS technique 
has been used to investigate the ionic conductivity (SOFC, PEMFC), in situ kinetics of electrode 
reactions (SOFC, MCFC) and electrode reaction mechanism (MCFC). 
A common usage of EIS analysis in PEMFC is to characterize, evaluate and optimize the 
membrane electrode assembly (MEA) [63-65]. Recently a method has been developed to 
validate and evaluate the EIS data of PEMFC systems with state that change with time [66]. 
Based on this method, EIS technique was used to investigate the influence of carbon monoxide 
poisoning on the platinum anode [67]. A similar EIS study of the carbon monoxide tolerance for 
different Pt-alloy anode catalysts in PEMFC has been presented as well [68]. More 
comprehensive study of the impedance response of PEMFC has been conducted to investigate 
the effects of membrane thickness, cell temperature, and humidification conditions on the fuel 
cell performance [69]. And one of the latest EIS applications in fuel cell research is to study the 
water flooding in micro flow channels for fuel cells [70]. All of the researches introduced above 
are focused on PEMFC using hydrogen as fuel and there are only a few literatures [71] focused 
on the EIS study of DMFC using methanol water solution as fuel directly. It is expected that the 
EIS analysis of the DMFC system may reveal some useful information. 
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7.2 EXPERIMENTAL SETUP 
 
 
 
Figure 76 Experimental setup for the impedance measurement of a fuel cell device 
Fig. 76 shows the experimental setup used to measure the EIS of a DMFC device. The DMFC 
device used here is the same as the one tested in the previous chapter and the photo of this device 
is shown in Fig. 67. A Camry EIS analyzer is used to measure the electrochemical impedance in 
the hybrid EIS mode, which can continually adjust the applied AC current so that the measured 
AC voltage does not extend beyond the linear range. In the experiments, the AC voltage is kept 
at 10 mV (RMS value) and the frequency range is between 10 mHz to 300 kHz, covered with 10 
points per decade. A KEITHLEY 239 High Current Source Measure Unit is connected with the 
fuel cell to provide electronic load and a FLUKE 45 Dual Display Multimeter is used to monitor 
the cell voltage. A peristaltic Variable Flow Mini-pump is used to drive the methanol water 
solution into the fuel cell. The temperature can be adjusted by heating the methanol water 
solution using an isotemp digital stirring hotplate. 
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7.3 RESULTS AND ANALYSIS 
 
 
7.3.1 Overall EIS of DMFC 
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Figure 77 Measured impedance amplitude of a fuel cell device versus frequency 
Shown in Fig. 77 and Fig 78 are the Bode plots of the measured impedance spectroscopy of the 
DMFC device. The fuel cell is operating under room temperature and the output current is 0.1 A. 
The fuel flow rate is 0 ml/min. In Fig. 77 the amplitude of the impedance are plotted against the 
frequency and in Fig. 78 the phase shift of the impedance are plotted against the frequency. It is 
found that with the increase of the frequency, the amplitude of the impedance converges to a 
stable value. Since the impedance of the double layer capacitance decreases when increasing the 
frequency, this value is believed to be the bulk resistance of the electrolyte membrane, as well as 
the contact resistance. The negative phase shift value in Fig. 78 also confirms the existence of the 
double layer capacitance. 
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Figure 78 Measured impedance phase shift of a fuel cell device versus frequency 
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Figure 79 Nyquist plot of a fuel cell device 
To identify and separate the different processes happening in the fuel cell reactions, it is useful to 
represent the measured impedance spectroscopy as a Nyquist diagram (imaginary part against 
real part of the impedance). As shown in Fig. 79, the measured Nyquist plot of the DMFC 
devices consists of two semi-circles approximately. The Medium-frequency (about 1 kHz ~ 0.5 
118 
 Hz) semi-circle, noted as R1, may correspond to the faster methanol electrooxidation kinetics 
and oxygen reduction reaction. The low-frequency semi-circle (below 1 Hz), noted as R2, may 
be related to slower mass transfer of methanol at anode and mass transfer of oxygen at cathode. 
Both R1 and R2 are not perfect semicircles therefore there may be other factors contributing to 
the whole impedance spectrum such as interfacial effect and the roughness of the catalyst loaded 
electrodes. The interception of the impedance spectroscopy at the x-axis can be seen as the 
resistance of the electrolyte. As mentioned by some literature [71], a high-frequency semi-circle 
(higher than 1 kHz) related to ionic resistance of the membrane is missing which may be caused 
by device limitation or the pseudo induction effect from connection wires. 
 
 
7.3.2 Effect of output current 
 
 
Now the impedance spectroscopy is measured under different output current (operating at room 
temperature and 0 ml/min fuel flow rate). High output current corresponds to high overpotential 
so the effect of output current on EIS is also the effect of overpotential on EIS. Shown in Fig. 80 
is the impedance spectroscopy measured at open circuit (no output current). It is interesting to 
see that the second semi-circle actually becomes a straight line. Then in Fig. 81, different 
impedance spectroscopy curves under different output currents (from 0.02 A to 0.18 A) are 
shown. It is obvious that the both semi-circles R1 and R2 shrink when increasing the output 
current. This is because the higher output current and the higher overpotential bring more 
electrochemical reactions. Also due to the consumption of the reactants, larger concentration 
gradients are formed between the interface and the bulk reactants. Therefore the diffusion 
processes are also accelerated. 
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 Note that the interceptions of all the impedance spectroscopy at the x-axis are almost the same 
since the bulk resistance of the electrolyte membrane doesn’t change with respect to out put 
current. This value of the bulk resistance of the electrolyte membrane is about 0.06 Ohm. 
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Figure 80 Measured Nyquist plot of a fuel cell device with open circuit (room temperature, no fuel flow rate) 
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Figure 81 Measured Nyquist plot of a fuel cell device under different output current (room temperature, no 
fuel flow rate) 
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7.3.3 Effect of temperature 
 
 
Fig. 82 illustrates the variation of the impedance spectroscopy curves with different operation 
temperature. The output current is kept at 0.1 A and the fuel flow rate is 5 ml/min. It is shown 
that increasing temperature can also result in the decease of R1 and R2. Also the effect of the 
temperature on R2 is more significant than the effect of the temperature on R1. The bulk 
resistance of the electrolyte doesn’t change much during this temperature range. 
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Figure 82 Measured Nyquist plot of a fuel cell device under different temperature (output current is 0.1 A, 
fuel flow rate is 5 ml/min) 
 
 
7.3.4 Effect of fuel flow rate 
 
 
Fig. 83 gives the variation of the impedance spectroscopy curves with different fuel flow rate. 
The output current is kept at 0.1 A and the fuel cell is working at room temperature. It is found 
that the effect of the fuel flow rate on the impedance spectroscopy is very small and negligible. 
121 
 However, for the impedance spectroscopy with 0 ml/min fuel flow rate, several irregular points 
with high impedance value appear at the low frequency end. The reason for this is that after a 
long time fuel cell operation, the reaction product carbon dioxide accumulates at the interface 
between the bulk fuel solution and the anode. These gad bubbles actually block the diffusion of 
the fresh fuel to the reaction site so the diffusion impedance is significantly increased. For the 
cases with non-zero fuel flow rate, these bubbles are partially removed with the fuel flow and the 
operation is more stable. Same as above, the bulk resistance of the electrolyte doesn’t change 
under different fuel flow rate. 
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Figure 83 Measured Nyquist plot of a fuel cell device under different fuel flow rate (room temperature, 
output current is 0.1 A) 
 
 
 
 
 
 
 
 
 
122 
  
 
 
7.3.5 Proposed equivalent circuit model 
 
 
To get a more quantitative analysis from the measured EIS data, it is necessary to establish an 
equivalent circuit (EC) model for the DMFC. An EC model for DMFC is proposed in Fig. 84. 
 represents the resistance of the electrolyte membrane, which can be easily determined as 
mentioned earlier. ,  and  represent the double layer capacitance, the charge transfer 
resistance and the diffusion impedance at anode side, respectively. ,  and  represent 
the double layer capacitance, the charge transfer resistance and the diffusion impedance at 
cathode side, respectively. Different components correspond to different processes that will 
happen in fuel cell reaction. There is some difficulty in identifying those impedance components 
using the measured EIS data. Since the current EIS data is the impedance of the whole fuel cell, 
there is no obvious way to separate the anode impedance and the cathode impedance from the 
whole impedance. Further research on this EIS analysis is still ongoing and hopefully this 
problem can be solved in the near future. 
eR
adC , actR , aW
cdC , cctR , cW
 
Figure 84 Proposed equivalent circuit model for DMFC 
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8.0 COCLUDING REMARKS 
 
 
 
 
This research is focused on the development of a valveless piezoelectric micropump for 
miniaturized direct methanol fuel cell system as power source for portable electronics. A 
theoretical and experimental study is conducted to design, optimize, and characterize such a 
system. This work demonstrates that the working principle of the whole system design is sound 
and viable. In addition, a powerful tool, electrochemical impedance spectroscopy analysis is 
employed to investigate the operation of DMFC. 
 
 
 
 
8.1 SUMMARY OF ACCOMPLISHMENTS 
 
 
The primary accomplishments of this research are listed below. 
• A compact design of miniaturized DMFC power system driven by valveless piezoelectric 
micropump is presented. 
• An analytical model to calculate the deflection of a PZT disk-type bending actuator caused 
by both electrical field and mechanical pressure is developed. 
• An analytical model to calculate the deflection of a PZT ring-type bending actuator caused 
by both electrical field and mechanical pressure is developed. 
124 
 • An analytical model to establish the relationship between the applied voltage and the 
resultant flow rate, as well as power consumption for the micropump driven by PZT bending 
actuator is developed. 
• Based on the theoretical analysis, the effects of the material properties and structure 
dimensions on the micropump performance are investigated. 
• A valveless piezoelectric micropump prototype using PZT ring-type bending actuator is 
fabricated. 
• The performance of the valveless piezoelectric micropump prototype without liquid loading 
is investigated experimentally. 
• The performance of the valveless piezoelectric micropump prototype with liquid loading is 
investigated experimentally. 
• The performance of a DMFC device operating with and without pump is investigated 
experimentally. 
• The EIS data of a DMFC device under different output current, different temperature, and 
different fuel flow rate are measured. 
• An equivalent circuit model that can be used to quantify the measured EIS data is proposed. 
 
 
 
 
8.2 FUTURE PERSPECTIVE 
 
 
The new design of the miniaturized DMFC driven by a valveless piezoelectric micropump is 
proved to be viable based on the current research results. To improve and optimize the 
performance of the real device, further modeling and experimental research are required. 
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 Specifically, a more accurate analytical model of the PZT ring-type bending actuator can be 
developed to determine the deflection induced by applied voltage. Also it is possible to develop a 
more complicated analytical model to take into account more accurately the coupling effects of 
liquid loading. From the experimental measurements, it is found that the maximum performance 
of this micropump is reached when the driving frequency is equal to the resonance frequency for 
both cases with and without liquid loading. Therefore, it is necessary to establish an improved 
dynamic model so that the actual performance of the micropump under the resonance frequency 
can be analyzed. 
As for the experimental research, first a prototype combining the miniaturized DMFC with the 
valveless piezoelectric micropump has to be fabricated. More experimental data can be measured 
to evaluate the performance of the whole system when changing the operation conditions, 
including driving frequency, applied voltage, pressure head, various working fluid and etc. 
To better understand the effects of pumping on the performance of the DMFC system, including 
the avoidance of fuel depletion, the decrease of the diffusion resistance, and the removal of 
carbon dioxide, some detailed quantitative research is required. It is planned that this work will 
be finished in the next several months and a paper will be submitted on this topic. 
To improve the understanding of DMFC operation, it is also suggested that more detailed EIS 
analysis is required. One of the important issues that have to be solved is how to obtain the anode 
impedance and cathode impedance separately. It is believed that different processes involved in 
the fuel cell reaction can be quantified once the separated anode and cathode impedance data are 
available to be fit into the equivalent circuit model. 
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